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Recently, metal halide perovskite has been attracting attention as a next generation display material due 
to their low cost and simple solution processibilities and excellent properties such as high color purity, 
easy color tunability and high photoluminescence quantum efficiency of up to almost 100%.   
Balanced charge transport using an effective charge transport layer and excellent film surface 
morphology with low defect density are key factors for achieving high performance perovskite-
based light-emitting diodes (PeLEDs). The optimum charge transport characteristics are 
realized by well-matched energy level alignment for efficient charge injection and blocking the 
opposite charge to confine charges for radiative recombination within perovskite emissive layer. 
Moreover, the growth of crystalline perovskite and the stability of the perovskite films are also 
influenced by the surface of charge transport bottom layer.  
Here, I present effective charge transport layers employing PEDOT: molybdenum oxide (MoO3) 
composite layer, nickel oxide (NiOx) and Poly(9-vinylcarbazole) (PVK) bilayer as a hole transport layer 
in p-i-n structured PeLEDs.   
In chapter 2, I demonstrate the enhanced performance of PeLEDs using a solution-processable MoO3 
and poly(3,4-ethylenedioxythiophene):poly-styrene sulfonate (PEDOT:PSS) composite layer as the 
hole transport layer (HTL). The PEDOT:MoO3 composite layer presents improved hole injection 
through a reduction in the contact barrier between the HTL and the CH3NH3PbBr3 layer and enhanced 
crystallinity of the perovskite film. The optimized PeLEDs with the PEDOT:MoO3 composite film 
showed enhanced external quantum efficiency (EQE) and maximum luminous efficiency, compared to 
a PeLEDs using a pristine PEDOT:PSS layer. 
In chapter 3, I investigate the interfacial energetics and optoelectronic properties of the perovskite layer 
grown on a NiOx, and PEDOT:PSS layers. The perovskite grown on NiOx/ layers presents lower density 
of traps/defects and balanced charge carrier transport in the perovskite layer, leading to significantly 
improved device efficiency, photostability of perovskite, and operational stability of PeLEDs. 
In chapter 4, I introduced the NiOx/PVK bilayer for the enhanced hole injection in quasi-2D PeLEDs. 
PVK was introduce to match the energy level between NiOx and perovskite layer. However, the 
perovskite film on hydrophobic PVK layer exhibited poor morphology due to non-wetting problem 
from a hydrophilic perovskite precursor solution. In order to solve the morphology problem of 
perovskite layer, hot-casting method that heat was applied to the substrate layer to improve the 
perovskite morphology and crystallinity.  
The efficient charge transport layer engineering is simple and promising way for balanced charge 
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injection and realizing high-performance PeLEDs.   
Keywords : perovskite light-emitting diodes (PeLEDs), charge transport layers (CTLs), high efficiency 
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Chapter 1. Introduction  
1.1 Perovskite Light-emitting materials 
 
Figure 1.1. Display trends 
The global display market is expected to be commercialized with 5G communication and ultra-high 
resolution 8K as a new power source. With the development of data communication technology, a large 
amount of data can be transmitted, and thus a demand for an ultra-high resolution display is increasing. 
And because of the increased demand for virtual reality (VR) related technology, it is necessary to 
develop a new display material capable of realizing near realistic brightness and color. Conventional 
organic light emitting materials in organic light emitting diode have a disadvantage in that they have 
high luminous efficiency but are expensive and have low color purity. (Figure 1.1) 
The perovskite material is a crystal structure with ABX3 formula, which is a metal oxide of a special 
structure that shows superconductivity as well as non-conductor, semiconductor, and conductor 
properties. In particular, the halide-based perovskite materials attracted much attention in optoelectronic 
devices such as solar cells[1-3], light emitting devices (LEDs)[4-7], photo sensor[8-10], amplified 
spontaneous emission (ASE) and lasers[11-15] due to their excellent electrical and optical properties[16-19]. 
The perovskite has recently been reconsidered as new light emitting materials because of the 
breakthrough in photovoltaics. It can control various electrical and optical properties by controlling the 
composition of the compound and processing method. Perovskite has the formula ABX3, A site is 
generally occupied by monovalent cation such as methylammonium (MA+, CH3NH3+) or formamidium 
(FA, (NH2)2CH+)) or cesium cation (Cs+). B site is normally occupied by a divalent metal cation such 
as lead cation (Pb2+) or tin cation (Sn2+), and X site is a monovalent halide anion, which is a halogen 
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element such as iodine anion (I-), bromide anion (Br-), chloride anion (Cl-). The many natures of 
perovskites depends on this constituent compound. The perovskite structure is shown in Figure 1.2. 
The Goldschmidt tolerance factor (t) shows how stable the perovskite structure is made by the various 
element. The equation is as follows.[20-22] (1.1)  
 
t = (RA+RX)/√2(RB+RX) (1.1) 
 
 
Figure 1.2. Perovskite structure 
 
where RA, RB and Rx are effective ionic radii of A, B, and X element, respectively. In the 3D halide 
perovskite, the t value must only be within the range of 0.8-1.1. When the t value is 0.9 to 1, the 
perovskite with cubic structure is formed and a distorted perovskite structure such as rhombohedral, 
orthorhombic, or tetragonal structures are formed when the t vale is 0.8-0.99. (Figure 1.3) 
These perovskite materials have unlimited potential as LED materials. The emission wavelength of 
the perovskite can cover the visible light region with composition control of perovskite. The high color 
purity of the perovskite is also suitable as an upcoming super-high definition display material. The 
external photoluminescence quantum efficiencies (PLQEs), which is a typical property of the 
luminescent materials, is located at 20-50%[4, 23] in the cased of a thin film but it is reported that PLQE 
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is over 90% if the perovskite defects are passivated[24, 25], low dimensional structure[26-28] is formed or 
in nanocrystals[29, 30]. The perovskite has both the advantages of organic materials (low cost and solution 
processability) and inorganic materials (e.g. high charge mobility[31-33]). The perovskite films are 
fabricated easily by solution-deposition or vapor deposition[34-36]. The quality of the produced films is 
influenced by the factor of the deposition process such as composition ratio[4], substrate temperature[37, 
38], annealing condition[39-41], solvent treatment[42, 43] or additive[44] (Figure 1.4). These factors regulate 
perovskite PLQE, morphology and grain size. Therefore, in order to produce perovskite films of the 
performance we desire, these factors must be considered with the film.  
 
 
Figure 1.3. Goldschmidt tolerance factor   
 
 





1.1.1 High color purity of perovskite 
The narrow emission linewidth of perovskite is the greatest advantage and is the main cause of the 
active research in this PeLEDs field. The full width half maximum (FWHM) of perovskite is about 
20nm at the green emission, which is significantly lower than of organic LEDs (OLEDs, FWHM : 
~40nm)[45-47] and quantum dot LEDs (QLEDs, FWHM : ~30nm)[48-51] (Figure 1.5).  
 
 
Figure 1.5. FWHM of organic emitters, inorganic quantum dot, perovskite[52] 
 
Though the FHWM of photoluminescence (PL) changes according to the emission wavelength, the 
emission linewidth does not exceed 100meV. For example, ~12nm linewidth in the blue range (CsPbCl3), 
~20nm in green range (CsPbBr3), and ~45nm in red range (CsPbI3)[18]. The narrow FWHM allows the 
current color purity limits and enables ultra-high definition display implementation. The CIE color 
spaces were defined as the wavelength distribution of the electromagnetic visible spectrum and the 
perceptible area of the human eyes. As display and resolution technologies continue to evolve, 4K·UHD 
professional specifications have emerged to provide higher quality color values. The perovskite emitters 
reach the end of the edge, this is the widest range in compared to the previous display materials. Figure 
1.6 shows that the Perovskite meet wide color gamut based on narrow FWHM, which exceeds REC. 
2020 standard by 103% and exceeds National Television System Committee (NTSC) standard by 
138%[53]. The reason why the perovskite emission FWHM is narrow is not studied much, but it is 
reported that polar lead halide bonds cause Fröhlich interactions between charge carriers and polar 
longitudinal optical phonon mode such as in organic semiconductors GaAs. In most of the inorganic 
semiconductors, the emission FWHM is associated with the charge currieries and the phonons and 
impurities of the lattices. In addition, impurities or traps are not the cause of FWHM changes, since 
impurities of traps in low-crystallinity perovskites are non-radiative recombination with trap-assisted 
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recombination[19]. Therefore, perovskite materials show a narrow FWHM regardless of the quality of 
synthesis or fabrication method, unlike organic materials or quantum dot. (Figure 1.7) In particular, 
perovskite quantum dots can be mass-produced at room temperature because they exhibit constant 
FWHM values when the size of quantum dot is larger than Bohr radius, which is not affected by the 
quantum confinement effect[54, 55]. 
 
Figure 1.6. High color purity of Perovskite 
 
Figure 1.7. Origin of narrow FHWM[19] 
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Although the luminescence linewidth of perovskite is intrinsic property, it is not easy to control, but 
some papers on narrow linewidth have been reported. Zhao et al. reported that the orientation of the 
perovskite crystal is related to the FWHM as well as affecting the charge transport. They have 
demonstrated an cation exchange techniques for conversion from layered structure (PEA2PBBr4) to 3D 
(MAPbBr3) perovskite with highly aligned crystals. By changing the bulky PEA cation to MA cation, 
the electro luminescence (EL) linewidth shows about 20nm in the 3D MAPbBr3 PeLEDs with general 
randomly 3D orientation, but the high-quality MAPbBr3 grown using the layered template show the 
extremely narrow FWHM (15.3nm) (Figure 1.8)[56]. Ruddelsden-Popper perovskite films with multi 
quantum wells show relatively widely FWHM, however the perovskite films with pre-synthesized 
controlled the number of PbX6 layer reported to maintain narrow FWHM[57].  
 




1.1.2 Bandgap tunability of Perovskite  
Similar to other oxide perovskite, band gap of halide perovskites can be easily controlled by 
combining various A cation, B cation and X halide anions. The basic properties of the perovskite are 
governed by the characteristics of the bond of divalent metal cation (M) and X anion. The valence-band 
maximums (VBMs) are determined by an antibonding hybrid state of the M-ms (Pb: m = 6) and the X-
np (n = 3–5) orbitals in the M–X chains. The conduction-band minimums (CBMs) are determined by a 
non-bonding hybrid state of the M-mp (Pb: m = 6) and the X-np (n = 3–5) orbitals (Figure 1.10). 
 
 
Figure 1.9. Optical photograph of mixed halide perovskite and PL spectra[58]  
 
 




1.1.2.1 Influence of A cation  
In the perovskite, the A site does not act an critical factor in composing the band gap, however it is 
known to play a role in balancing charge within the perovskite structure[59]. Nevertheless, it can affect 
the band gap by changing the MX6 octahedron frame owing to the different size of A cation. The lattice 
of perovskite is increased when the cation is larger and smaller when it is smaller. And this affects the 
B-X bond length, which is an important link in determining the band gap. [60, 61].  
Given a specific metal and halide, such as APbI3, as long as the tolerance factor (t) is satisfied, only 
a relatively small size A cation is allowed to fit between corner-sharing metal halide octahedrons. When 
t = 1, to maintain cubic structure, the value of the ionic radius (RA+) cannot be larger than 2.6 Å. If the 
A cation size is too large, the 3D perovskite structure is difficult to maintain or a perovskite of 2D 
structure will be formed. Perovskite based on ethyl ammonium cation was previously explored in solar 
cells and was found to form a wider band gap perovskite due to the 2H type structure. So far, it has been 
demonstrated that small size A site cations such as K+, Rb+, Cs+, methylammonium (MA+) or 
formamidinium (FA +) can make a 3D framework within the PbI6 frame. Within the range of this 
comparison, the effective ionic radius follows a trend of RCs + < RMA + < RFA+ as illustrated in Figure. 
1.11. In summary, as the A site ion radius increases, the perovskite lattice would be expected to increase, 
the band gap reduce, causing a red-shift in the absorption onset. The inorganic Cs+ has the relatively 
better stability than MA or FA cation. In the case of K+ or Rb+ ions, which are too small size, they are 
reported to be located at the grain boundary rather than in lattice (Figure 1.12) 
 




Figure 1.12. Change of energy diagram by A cation[63] 
 
1.1.2.2 Influence of B metal cation 
In the B site, numerous studies are limited to Pb(Ⅱ) cation in 3D perovskite. However, due to the 
environmental toxicity of Pb, another divalent metal ion are being studied to replace Pb. Although tin 
(Sn) or germanium (Ge) like group 14 element has been reported in a few papers, it is not easy to replace 
Pb due to the problem of strong oxidation state on exposure to air and slow charge mobility due to 
lattice mismatch[64-67]. The angle of the X-M-X bond has an important influence on the determination 
of the bandgap for each individual metal. Taking the structure of AMI3(M = Pb2+, Sn2+, Ge2+) as an 
example, the angles of M-I-M bridge are 155.19° for Pb, 159.61° for Sn, 166.27° for Ge[68]. As the size 
of the metal cation becomes larger, the strength of the covalent bond, which is a bond with the halide, 
becomes weaker. This means that the difference in electron negativity between the two atoms increase, 





1.1.2.3 Influence of X halide anion 
The halide anion of X site is the element that can control the band gap. In the mixed halide case, many 
studies have been carried out in order to meet the ideal bandgap for the tandem solar cell. The people 
have observed an increase in lattice constants with the increasing atomic size of the anions from Cl to 
Br to I, the emission spectra for perovskite shift to small band gap by changing the halide from Cl to Br 
and I[5, 60, 69-71]. The electronic states of perovskite are heavily influenced by halide elements. Such that 
a VBMs transition from 3p → 4p → 5p occurs for substitution of Cl → Br → I. This means that the 
ionization potential is lower (Figure 1.13)[72]. 
 
 










1.1.3 PLQY characteristics of perovskite 
Increasing radiative recombination in perovskite materials is a prerequisite for achieving a highly 
efficient optoelectronic devices. In particular, the solution-processed perovskite is not east to achieve 
high PLQE due to many defect sites on the surface and bulk. Also, the perovskite has low outcoupling 
efficiencies due to high refractive index of perovskite, so PLQE must be high for device performance 
improvement. Generally, the germinate electron-hole pairs generated by charge carrier injection or 
photoexcitation form free carriers or excitons. The binding energy of an exciton is a criterion for 
whether a geminate electron-hole pair exists as a free carrier or as an exciton. The perovskite forms 
Wannier-type excitons (Figure 1.14) with low exciton binding energy and high dielectric constant (e.g. 
2-50meV for CH3NH3PbI3) (Figure1.15). 
 
 
Figure 1.14. Wannier exciton and Frenkel exciton 
 
 
Figure 1.15. Dielectric constant and exciton binding energy relations 
 
Thus, most of the excitons are separated in to free charges at room temperature (RT). Charging trapping 
by trap states also induces the dissociation of excitons into free carriers and the nonradiative 
recombination pathway of free carriers and excitons, and thereby limits the luminescence efficiency at 
12 
 
low fluences. In the actual PeLEDs, radiative recombination complements trap-assisted non-radiative 
recombination and Auger recombination. (Figure 1.16)  
 
Figure 1.16. Schematic of trap limited recombination scenario[17] 
 
 




However, if the excitation density exceeds 1020 cm-3, the charge carriers are increased and the 
wavefunction is overlapped and the trap site is filled. (Figure 1.17) Therefore, more excitons are 
bounded than separated free carriers. Lowering the temperature below 190K deactivates the trap state 
and increases the ration of excitons to free carriers. The perovskite emitters are known as defect-tolerant 
semiconductor, and internal PLQEs show over 80% at high photo-excitation density or at low 
temperature. And perovskite films also have low PLQE value, ie, emission from interface between 
perovskite and air due to low out-coupling efficiency and photon recycling.  
There are three mechanism known for charge-carrier recombination pathway in the perovskite. The 
charge-carrier density (n) over time is expressed by the following equation. 
d𝑛(t)
𝑑𝑡
 = − nk1 − n2k2 − n3k3 
Here, K1, K2 and K3 are constants, indicating monomolecular recombination rate constant (trap mediate), 
bimolecular recombination rate constant and Auger rate const, respectively. In general 3D perovskite, 
only electron-hole bimolecular recombination is known as the radiative recombination, trap mediate 
and auger recombination must be avoided in order to increase luminescence efficiency. 
In conclusion, perovskite’s PLQE is not high due to the low exciton binding energy and the trap created 
by the solution process, but it can effectively improve the PLQE up to ~95% through various treatment 
such as small grain size (<10nm), multi-quantum well structure and defect passivation. Thus, the 




1.1.4 Strategies for improving the luminescence of perovskite 
 
1.1.4.1 Layered perovskite 
 
The basic structure of 2 dimensional perovskite is as follows A‘2An-1MX3n+1. To convert a 3D 
structure to a 2D structure, A‘site generally are occupied by bulky long chain organic molecule. Where 
n represents the number of layers of PbX6. The 2D structure of the complete plate (n=1) is represented 
by A2MX4, which is called a Ruddlesden-Popper perovskite. As the number of n increases, the BX6 
layer grows along the <100> direction. The number of n is controlled by the stoichiometric molar raio 
between the bulky organic molecule and the A site molecule. The electronic and optical properties of 
2D perovskites begin with a unique structure in which organic and inorganic components are oriented 
and assembled. They are considered multiple quantum well structures in which semi conductive 
inorganic sheets alternate periodically into insulating organic layers. (Figure 1.18). 
 
 
Figure 1.18. Schematic of the oriented 2D perovskite and corresponding band energy diagram 
If a photon with energy greater than the band gap of the material is incident, the electron and hole 
will be in the conduction band and the valance band, respectively, and can form the bounded excitons. 
Because of the low dielectric constant of the bulky organic layer and the large bandgap, the generated 
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excitons are trapped in the inorganic well, with increased exciton binding energy on the order of 
hundreds of millivolts. In particular, the exciton binding energy can be directly controlled by 
exchanging the organic dielectric layer According to previous reports, the exciton binding energy of a 
typical metal halide perovskite is known to be several tens of meV. (Figure 1.19).
 
Figure 1.19. Exciton binding energy of 3D and 2D perovskite  
 Perovskite with a multi-quantum well structure gives another freedom in designing the luminescence 
properties, since the relative band alignment and the relative band alignment between the inorganic and 
organic components, will determine the overall material properties. An important feature of such a 
multiple quantum well structure is the naturally assembled nature of organic and inorganic salt precursor 
solutions, leading to thin films with high crystallinity, as can be clearly seen in the X-ray diffraction 
pattern of a series of spin-coated films of (C4H9NH3) 2PbX4 with different halide anions. In a quaisi-
2D perovskite film with multi-quantum well of various bandgaps, the excited excitons are transferred 
to thin quantum well thickness layer, possibly with some Foster resonance energy mechanism. The 
concentrations of charge at low bandgap can be effective for radiative recombination due to the 
increased confinement effect. The group of Sargent et al. showed high efficiency near-infra red PeLEDs 
with an EQE of 8.8%, where bulk organic cation was implemented in to their perovskite layer to give 
quasi-2D layered structure (Figure 1.20).  
Compared with the 3D perovskite, layered perovskites show improved photoluminescence quantum 
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yield, high exciton binding energy and high moisture stability.  
 





1.1.4.2 Grain size control 
 
Since the grain size of general 3D perovskite fabricated by solution process exceeds over 100nm, the 
excitons easily dissociated into free carriers. For effective radiative recombination of perovskite, the 
excitons must be confined in perovskite crystal, since the spatial confinement increases local carrier 
density and increases radiative recombination. To occur the quantum confinement of charge-carrier, the 
grain size of the perovskite should be smaller than the Bohr radius of perovskite. The typical of Bohr 
radius of perovskite have a radius~10nm, below which the electrons and holes do not exist as free 
carriers and form exciton, which allows monomolecular radiative recombination and can maximum 
luminous efficiency at low excitation density.  
 
Figure 1.21. PLQE improvements due to charge confinement[4, 75] 
 
Several methods have been proposed for effective exciton confinement. The simplest approach to 
improve the exciton confinement is to make the perovskite film thinner (< 20nm)[76], which is difficult 
to form a uniform perovskite films with full coverage because this method uses a ultra-low perovskite 
precursor concentration. Group of Lee et al. reported a method to uniform perovskite films of small 
grain size using nanocrystal pinning method and eliminated the factor of lowering the luminous 
efficiency by preventing the formation of metallic Pb atoms acting exciton quenching site through 
chemical quantitative control during thin film formation[4]. The most common way to make perovskite 
crystals smaller is though nanocrystals (NPs) synthesis. The perovskite NPs can effectively passivate 
surface defects, thus increasing luminous efficiency. Particularly, if the synthesized size is larger than 
the Bohr radius (> 10nm) the perovskite NPs have no wavelength variation due to size distribution 
unlike inorganic NPs. Therefore, perovskite NPs have the advantage of showing a monodispersed 
wavelength using the simple RT ligand assisted reprecipitation (LARP) method as well as hot-injection 
method. In addition, it is possible to achieve high PLQE using appropriate ligand search and synthesis 
condition control such as temperature, composition control and film deposition method. Template-
assisted growth of perovskite NPs induces a quantum confinement effect by controlling the size of 
perovskite. Dirin et al. reported the perovskite NPs based on mesoporous SiO2 templates. In this work, 
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they observed that the blue shift of emission peak due to the quantum confinement effect by fabricating 






1.2 Perovskite based Light-emitting Diodes 
1.2.1 Structure of PeLEDs 
PeLEDs are basically similar in structure to organic light-emitting diodes (OLEDs) and quantum-dot 
light-emitting diodes (QLEDs). They are usually made on a transparent substrates (plastic substrates or 
glass) coated with a transparent conductive oxide material (TCO) indium tin oxide (ITO) or fluorine 
doped tin oxide (FTO). PeLEDs has been explored in two types of device architecture, one is p-i-n and 
the other is n-i-p structure depending on the polarity of the bottom layers.  
 
 
Figure 1.21. Structures of PeLEDs 
 
The PeLEDs of the p-i-n structure, also referred to as the normal structure, use an ITO-coated glass 
as the anode, where holes are injected into the device. The poly(3,4-ethylenedioxythiophene) doped 
with polystyrene sulfonate (PEDOT:PSS), which is the organic charge transport layer, is widely used 
as a hole injection layers (HILs). The interlayer can be deposited on top of PEDOT:PSS to facilitate 
hole injection or for electron blocking to ensure charge confinement within the perovskite layer. The 
electron injection layers (EILs) are formed on the perovskite layer, effectively blocking the opposite 
injected hole and enabling effective electron injection. The electrons of this configuration are injected 
from the lowest unoccupied molecular orbital (LUMO) of the EIL materials into conduction band of 
perovskite layer, implying that the cathode should use low work function (WF) metal such as aluminum 
or silver. PeLEDs of normal p-i-n structure have been studied for various charge transport layers (CTLs) 
resulting from the development of OLEDs. However, since low WF cathode metal is easily oxidized to 
surrounding environment, advanced sealing technique is required and operational stability is limited. 
In contrast, the inverted structure, n-i-p PeLEDs, can partially overcome the stability limits because 
high WF gold being the anode is more stable than low WF metal. This strategy has been carried out on 
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PeLEDs because OLEDs technology has been accomplished, and power conversion efficiency have 
been successfully recorded in perovskite solar cell. For effective electron injection, n type metal oxide 
such as ZnO or TiO2 is used on the perovskite films as EILs. Owing to the chemical instability between 
active perovskite materials and ZnO, surface modified ZnO has been successfully used as EILs. This 
also reduces the electron injection barrier at the interface. The hole injection layer on the perovskite 
layer is mainly based on organic materials and the ohmic hole injection is possible by forming MoO3 





1.2.2 Characterization of PeLEDs 
PeLEDs are usually made up of a sandwich of emissive perovskite materials between the top and 
bottom conductive electrodes. When a bias is applied across the two electrodes, the electrons and holes 
pass through EILs and HILs, respectively, into the perovskite layer. Electrons enter the conduction band 
minimums of the perovskite through the LUMO levels or conduction band of the EIL and the hole is 
injected into the valance band of the perovskite through the HIL HOMO levels or valance band. The 
charge injection characteristics are affected by the energy levels and charge carrier mobility of charge 
injection layers. In addition, the bandgap of charge injection layer must be large enough to effectively 
confine injected charge carrier to the emissive layer.  
Electroluminescence efficiency is the most important factor of performance of PeLEDs. The factors 
that measure the characteristic Factors that measure the characteristics of PeLEDs include luminance, 
current efficiency, external quantum efficiency (EQE), turn on voltage, and FWHM of emission wave 
length. 
EQE is defined as the number of photon emitted from a diode / the number of electrons injected in 
to the diode, given by this equation  
𝜂EQE = 𝜂outcoupling ·  ·   
number of emitted electrons








 ·  𝜋 ·  𝐴𝑑𝜆
𝐼/𝑞










(A : area, h : plank constant, c : light speed, q: electron charge) 
 
Where 𝜂 EQE is out-coupling factor,  is balanced charge injection factor,  is related to radiative 
quantum efficiency. The out-coupling efficiency of perovskite is low due to significant waveguiding 
loss due to high refractive index. Recently, methods of reducing the optical loss by depositing thin or 
rough perovskite film. The suitable interfacial charge injection layers can increase the balanced charge 
injection factor. The radiative quantum efficiency can be achieved by increasing the defect passivation, 




Current efficiency (cd/A) is defined as follows.  
= 
𝐿𝑢𝑚𝑖𝑛𝑎𝑛𝑐𝑒(𝑐𝑑/𝑚2)
𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (𝑚𝐴/ 𝑐𝑚2
× 10−1 
Where cd is the base unit of luminous intensity in the international System of Units (SI). It means a 
light flux per unit solid angle of light emitted in a specific direction from a point light source. The one 
ordinary candle emitted one candela. Candela is a Latin word for candle. If the intensity of the emitted 
light relative to the injected current is counted, the efficiency also increases. 
Power efficiency (lm/W) is defined as follows. 
= 
𝜋 × 𝐿𝑢𝑚𝑖𝑛𝑎𝑛𝑐𝑑(𝑐𝑑/𝑚2)
𝑉𝑜𝑙𝑡𝑎𝑔𝑒(𝑉) ×𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (𝑚𝐴/𝑐𝑚2)
× 10−1 
The luminous efficiency is the value obtained by dividing the luminous flux by the power 
consumption. In the case of the same illumination, the luminous flux and the power consumption are 
constant. If the emission intensity is high at low voltage, the power efficiency is also increased. 
The turn-on voltage close to the perovskite bandgap confirms how charge carriers are balanced 
injection into diode. PeLEDs of most p-i-n structures show a turn-on voltage of 3-4 V in the green 
region, and ~2 V for iodide base PeLEDs with organic charge transport layer. With the improved charge 
injection due to proper energy level alignment, the turn-on voltage can be reduced to ~2 V (green) or 
1.5 V similar to perovskite bandgap.  
FWHM is a term indicating the width of a function and is defined as the difference between two 
independent variable values which are half of the maximum value of the function. The FWHM is 
expressed in terms of energy (meV) and in wavelength (nm), and the half width of the perovskite is 
usually known as 100 meV. 
Therefore, it is also important to increase the raiative efficiency of the perovskite film in order to 
realize a high-efficiency PeLED, but it is also important to increase the charge balance due to the 




1.2.3 Progress in PeLED efficiencies 
 
The development of PeLEDs efficiency can be achieved by exploiting the research of progressive 
development of existing OLED and quantum dot LEDs and combining the materials, device structures 
and concepts established in this field with new perovskite active layers. The first report on 
electroluminescence from perovskite was published using using 2D structured perovskite thin film 
obtained by spin coating (C6H5C2H4NH3)2PbI4 perovskite dissolved in acetonitrile solution [77]. The 
bulky phenethyl ammonium iodide cation lowers the perovskite dimension, which allows the formation 
of stable excitons with large exciton binding energies and allows intense photoluminescence at room 
temperature. However, the electroluminescence of the device was only observed when the device was 
driven under liquid nitrogen temperature. Under these conditions, luminance levels up to 10,000 cd/m2 
at a current density of 20,000 A/m2, were obtained with an applied bias of 24 V. At room temperature, 
the initial electroluminescence of the PeLEDs with inverted structure ITO / TiO2 / CH3NH3PbI3−xClx / 
F8 / MoO3 / Ag, was reported with a device structure as shown in Figure 1.22[16].  
 
 
Figure 1.22. Electroluminescence spectra and image of perovskite LEDs[16] 
 
This structure allows excellent charge injection to the infrared emission perovskite. Recently, Yuan et 
al. Reported an infrared PeLEDs of 8.8% EQE based on quasi-2D-perovskite using this structure [78]. 
However, this structure did not show a successful efficiency in structure due to the difficulty of charge 
injection into green or blue perovskites until the surface modification of the metal oxide layer was 
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introduced or a wider bandgap metal oxide was used. For example, Wang et al. Used ZnO nanocrystals 
to improve the disadvantages of ZnO being less thermally stable than perovskite and used 
polyethyleneimine (PEI) to modify the surface of the layer. This improved the morpholgy of the 
perovskite layer and reduced the energy barrier of the perovskite layer to electrons. 
Compared with the conventional inverted-structure PeLEDs, the schematic diagram of the normal-type 
PeLEDs structure is shown in the Figure 1.21. Based on this normal structure, green and red PeLEDs, 
and later blue PeLEDs, were studied more actively than inverted-structure PeLEDs. Recently, Cho et 
al. reported a 8.53% EQE green PeLED, which is based on a modified standard structure with a self-
organized conducting polymer to improve hole injection[79]. X. Yang et al. reported the defect passivated 
quasi-ed PeLED. They used PEA2(FAPbBr3)n-1PbBr4 (n=3) as the emitting layer for quasi-ed PeLEDs. 
The quasi-2d perovskite surface was passivated with trioctylphosphine oxide (TOPO) treatment. The 
result is a very high current efficiency (CE) of 62.4 cd A-1 and an EQE of 14.36%[24]. Recently, more 
than 20% EQE of PeLEDs studies have been reported using charge balanced core shell PeLEDs, 
enhanced outcoupling efficiency PeLEDs and polymer composite quasi-2D perovskite film. K. Lin et 
al. reported that mixed perovskite film with a pre-synthesized CsPbBr3/MABr quasi-core/shell 
structure[80].  
 





1.2.4 Stability issues of PeLED operation 
 
Based on steady research, PeLEDs has demonstrated over 20% EQE in the last four years with 
composition and grain engineering, structural engineering and energy manipulation, but there is still a 
device operational stability problem. Unlike Perovskite solar cells, PeLEDs operating lifetime is still 
impractical if the device's lifetime exceeds 1000 hours due to continuous operation and exhibits device 
stability of less than 100 hours under constant electrical stress. By contrast, conventional QLEDs have 
a lifetime of 100-1000h when operating at bright brightness (1000 cdm-2). This still does not meet the 
stringent requirements of commercial displays above 10,000 h at high brightness above 3,000 cd m-2. 
By contrast, the lifetime of a state-of-the-art OLED commercialized is between 1,000 and 100,000 hours. 
In the early-generation OLEDs, instability was triggered by burn-in due to the crystallization of the 
organic material, but device encapsulation and manufacturing optimization overcome stability issues. 
The origins of PeLEDs instability are connected between fundamental aspects such as the strong ionic 
character of perovskite, their low formation energy, and the electrochemistry occurring at the interface 
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Chapter 2. Improved performance of perovskite light-emitting diodes using 
a PEDOT:PSS and MoO3 composite layer 
 
2.1 Research back ground 
Over the past few years, organic–inorganic hybrid perovskite materials have received significant 
amounts of attention due to their excellent properties such as high photoluminescence quantum 
efficiency (PLQE) of 70% at low temperatures, a narrow emission spectrum, tunability of the band-gap, 
excellent charge carrier mobility, and easy solution processing.1–8 In addition, inorganic cesium lead 
halide perovskite (CsPbX3) nanocrystals have been studied intensively due to their superior properties 
such as high PLQE levels reaching 95% at room temperature and tunability of the emission wavelength 
depending on the type of halide.9–12 Thus, these perovskite materials are promising in light-emitting 
diodes (LEDs), solar cells, photodetectors, and lasing applications.13–17 The remarkable and rapid 
improvement of the external quantum efficiency (EQE) of perovskite LEDs (PeLEDs) up to 8.5% for 
green emission was recently realized, revealing the great potential of these devices for use in low-cost 
displays and lighting applications.18 Recently, PeLEDs based on perovskite nanocrystals have made 
impressive progress in just a few years with the maximum EQE jumping from 0.12% to 3.8%.12,19,20 
The morphological control of perovskite film and themaximized recombination of charge carriers via 
the matching of the energy barriers between the contacts are critical to achieving highly efficient 
PeLEDs.21–24 The addition of HBr in the perovskite precursor solution22 and the fabrication of composite 
films which mixes of polymer and perovskite materials in a solution25–27 have been widely adopted to 
obtain uniform perovskite films, leading to improved PeLED efficiency. In this context, Cho et al. 
reported highly efficient PeLEDs by manipulating the morphology of methyl ammonium lead 
tribromide (CH3NH3PbBr3) through nanocrystal pinning20 and modifying the work function of the hole 
transport layer (HTL) to fabricate a composite layer of PEDOT:PSS and with perfluorinated polymeric 
acid, which reduced the hole-injection barrier and balanced the injection of charge carriers.28 Moreover, 
Zhang et al. reported that the device efficiency of perovskite nanocrystal LEDs have been significantly 
enhanced by introducing a perfluorinated ionomer (PFI) between the PEDOT:PSS and perovskite layers 





The methyl ammonium bromide (MABr) was synthesized as described by previous reported. The SPW-
111 polymer (white copolymer) was purchased from Merck Co. All reagent were used as purchased 
without further purification 
 
PEDOT:MoO3 composite solution 
PEDOT:MoO3 composite solution was realized by following process. A water dispersion PEDOT:PSS 
(AI 4083, Celvios) was filtered by 0.45 μm hydrophilic filter (PVDF filter), and then ammonium 
molybdate (NH4)2MoO4 (Sigma Aldrich) powder was added into PEDOT:PSS dispersion varying 
weight percent ratio from 0.001 wt.% to 0.007 wt.% under stirring. 
 
Device fabrication 
ITO/glass substrates were cleaned in sonication bath of distilled water, acetone, isopropyl alcohol, 
respectively for 10 min. And then treated UV-ozone for 10 min. PEDOT:PSS and PEDOT:MoO3 
composite solution were spin-coated onto ITO/glass substrates as HTL and subsequently annealed at 
145 oC for 10 min. The perovskite precursor (37.8 wt.%) with an aqueous HBr (48 wt.%) solution were 
spin-coated onto the PEDOT:PSS, PEDOT:MoO3-coated ITO/glass substrates at 3,000 rpm for 60 s 
and subsequently annealed at 60 oC for 2 hr under nitrogen (N2) atmosphere. The electron transport 
layer was spin-coated from SPW-111 dissolved in chlorobenzene. Finally, LiF (1 nm) and silver (80 
nm) were deposited by the vacuum thermal evaporation method using a 5-pixel mask. The devices were 
encapsulated and legged before testing. 
 
Characterisation of PEDOT:MoO3 composite film and PeLEDs 
The PeLEDs tested using a keithely 2400 source measurement unit and a Konica Minolta 
spectroradiometer (CS-2000, Minolta Co.) under ambient air conditions. To observe morphology of 
MAPbBr3 films on the PEDOT:PSS and PEDOT:MoO3 composite layer were measured via scanning 
electron microscopy. The surface morphology of PEDOT:PSS and PEDOT:MoO3 composite layers 
was measured using atomic force microscopy (DI-3100, Veeco Co.). XPS and UPS spectra of 






2.3 Result and discussion 
Figure 2.1 schematic of (a) PeLEDs device structure and (b) the energy levels diagram of each layer. 
 
Figure 2.1 describe the device structure of PeLEDs (ITO/PEDOT:MoO3/MAPbBr3/SPW-111/LiF/Ag), 
which consisted of ITO as transparent anode, PEDOT:MoO3 composite as a HTL, MAPbB3 as the 
emissive layer, SPW-111 as the electron transfer layer (ETL), and LiF/Ag as the cathode. To obtain the 
uniform and full coverage of the MAPbBr3 films, which were prepared by a spin-casting procedure of 
a MAPbBr3 precursor with HBr on PEDOT:MoO3-coated ITO substrate. The fabrication of PeLEDs 
are described in details in the Experimental Section. Figure 2.1 b shows the energy-level diagrams of 
the PeLEDs. The energy barrier at the interface between the PEDOT:PSS and MAPbBr3 emissive layer 





Figure 2.2 (a) UPS Spectra and (b) secondary electron cutoff of PEDOT:MoO3 films using 0-0.007 
wt.% of MoO3 powder in the PEDOT:PSS dispersion. 
The method of introducing the PEDOT:PSS/MoO3 composite layer have been suggested as one way to 
solve the problem of the energy barrier mismatch between emissive layer and anode.27-29 Thus, we 
introduced the PEDOT:MoO3 composite layer between MAPbBr3 and ITO layer by spin coating a 
mixture solution of ammonium molybdate (NH4)2MoO4 powder (MoO3 powder) and PEDOT:PSS 
water dispersion (AI 4083) to reduce the hole injection barrier. The work function of PEDOT:MoO3 
composite layers was measured via ultraviolet photoelectron spectroscopy (UPS) measurement using 
the different concentration of MoO3 powder in PEDOT:PSS dispersion (0-0.007 wt.%), as shown in 
Figure 2. The work function of the pure PEDOT:PSS film was measured to be 5.03 eV, in good 
agreement with previous reports.30, 31 As shown in Figure 2b, the work function of PEDOT:MoO3 
composite film increases linearly with increasing concentration of MoO3 powder in PEDOT:PSS 
dispersion, indicating the increase of the work function from 5.06 to 5.17 eV. It facilitates to minimize 
the energy barrier between the ITO and the MAPbBr3 emissive layer for efficient hole injection. In 
addition, the adsorption of the MoO3 in the PEDOT:PSS of the PEDOT:MoO3 composite layer was 
confirmed via X-ray photoelectron spectra measurements by tracking position and shape of the Mo 3d5/2 
peaks at 233.0 eV and Mo 3d3/2 peaks at 236.1 eV, which is consistent with literature values for MoO3, 





Figure 2.3. XPS spectra of Mo 3d and S 2s core level for PEDOT:PSS (black line) and PEDOT:MoO3 
composite (red line) films. 
Scanning electron microscopy and X-ray drffraction 
To confirm the surface of the MAPbB3 film, the MAPbBr3 films prepared on PEDOT:PSS, 
PEDOT:MoO3 composite and the MoO3 layer was observed via a scanning electron microscope (SEM), 
as shown in Figure 2.4 a-c, respectively. The MAPbBr3 film grown on PEDOT:MoO3 (0.3 wt%) layer 
exhibited full surface coverage, similar to the MAPbBr3 film grown on pristine PEDOT:PSS layer, 
whereas the MAPbBr3 film grown on the pristine MoO3 layer exhibited lower surface coverage with 
many pinholes. The surface of the PEDOT:PSS, PEDOT:MoO3 composite (0.3 wt%), and the MoO3 
layer was also confirmed by atomic force microscopy (AFM), as shown in Figure 2.4 d-f. The pristine 
MoO3 layer showed a very rough surface with a root-mean-square (RMS) value of 2.23, whereas the 
pristine PEDOT:PSS layer and PEDOT:MoO3 layers showed a flatter surface with low RMS roughness 
values of 0.88 nm and 1.51 nm, respectively. In fact, the poor surface coverage of perovskite films 
deposited on to pure MoO3 film is a similar result to that in a previous report.36 To confirm the 
crystallinity of CH3NH3PbBr3 films prepared under different conditions of PEDOT:MoO3 (0–0.7 wt%) 
composite layers, the X-ray diffraction (XRD) patterns of the resulting films were collected, as shown 
36 
 
in Figure 2.5.  The intensity of the peak diffracted by the (100) planes in the XRD spectrum of the 
perovskite film on the PEDOT:MoO3 composite layer (0.7 wt%) was improved by 220% compared 
with that of the perovskite film on the pristine PEDOT:PSS layer. The enhanced crystallinity of the 
perovskite film on the PEDOT:MoO3 composite layer can be explained by the role of MoO3 particles 
as crystal nuclei for perovskite growth during spin casting.37 However, the CH3NH3PbBr3 film prepared 
on the PEDOT:MoO3 (0.7 wt%) composite layer exhibited unfavorable surface coverage with many 
pinholes, as shown in Figure 3. The lower surface coverage of the CH3NH3PbBr3 film prepared on the 
PEDOT:MoO3 (0.7 wt%) composite layer may originate from the unfavorable morphology of the 
PEDOT:MoO3 composite layer with high RMS roughness. In short, as the amount of MoO3 powder 
was increased in the PEDOT:PSS dispersion solution, the contact barrier between the HTL and the 
amount of MoO3 powder in the PEDOT:PSS dispersion solution decreased while the morphology of 
the CH3NH3PbBr3 film grown on the PEDOT:MoO3 composite layer became worse. Thus, the optimum 
wt% of MoO3 in the PEDOT:MoO3 composite was required to obtain highly efficient PeLEDs 
. 
Figure 2.4. SEM images of the top surfaces of the MAPbBr3 film on (a) PEDOT:PSS, (b) 
PEDOT:MoO3, and (c) MoO3 layer. AFM images and RMS value of the (d) PEDOT:PSS surface, (e) 










To observe the correlation between the improved hole injection and the device performance capabilities, 
MAPbBr3-based PeLEDs with PEDOT:MoO3 film deposited using different amount of MoO3 powder 
in the PEDOT:PSS dispersion (0-0.007 wt.%) were fabricated and measured. Figure 2.6 shows (a) the 
current-density vs. voltage (J-V), (b) the luminance vs. voltage (L-V), the luminance efficiency vs. 
luminance (LE-L), and (d) external quantum efficiency (EQE) vs. luminance (EQE-L) outcomes for the 
PeLEDs. The inset figure shows the electroluminescence (EL) spectra of the MAPbBr3 PeLED. The 
basic device with the pure PEDOT:PSS film showed a maximum luminance level of 5500 cd m-2 (at 
4.8 V), LE of 0.46 cd A-1 (at 4.8 V), and an EQE value of 0.098% (at 4.8 V). In contrast, the optimized 
PeLEDs with the PEDOT:MoO3 (0.3 wt%) layer exhibited a significantly improved maximum 
luminance of 9200 cd m_2 (at 3.8 V), LE of 0.98 cd A_1 (at 3.8 V), and an EQE value of 0.21% (at 3.8 
V) due to the reduced energy barrier and the enhanced hole injection. To confirm the reduction of the 
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contact barrier between the HTL and the CH3NH3PbBr3 layer after introducing the PEDOT:MoO3 
composite layer, the current densities of hole only devices using different concentrations of MoO3 
powder in the PEDOT:PSS dispersion were compared, as shown in Fig. S2. In particular, the current 
density of the hole-only device increased as the amount of the MoO3 powder in the PEDOT:PSS 
dispersion increased. This result confirmed that the hole injection in the PeLEDs with the 
PEDOT:MoO3 composite layer was enhanced by the reduction of the contact barrier at the 
CH3NH3PbBr3/HTL interface. However, the addition of an excessive amount of the MoO3 powder 
material in the PEDOT:PSS dispersion (0.7 wt%) decreased the device efficiency level, possibly due to 
the non-uniform morphology of the CH3NH3PbBr3 films that formed after the addition of the excessive 
amount of MoO3 powder into the PEDOT:MoO3 composite layer. The detailed device performance 
capabilities of the PeLEDs are summarized in Table 1. To support the device performance results, as 
shown in Fig. S3 (ESI†), the morphologies of CH3NH3PbBr3 films grown on PEDOT:MoO3 composite 
layer with different amounts of MoO3 powder were observed using SEM. As the amount of MoO3 in 
the PEDOT:MoO3 composite layer increased, nonuniform perovskite films with pinholes (red circle) 
were created by the unfavorable growth of the perovskite crystal on MoO3. These results represent that 
the critical factor influencing the surface coverage of CH3NH3PbBr3 films is the concentration of MoO3 
in the PEDOT:MoO3 composite. It should be noted that a PeLED with only a MoO3 layer shows no 
luminance with a large leakage current due to the unfavorable morphology of the CH3NH3PbBr3 film, 
as shown in Fig. 4a and b. Therefore, the optimal amount of MoO3 powder in the PEDOT:PSS 
dispersion is necessary to obtain highly efficient PeLEDs. The inset in Fig. 4b shows the 
electroluminescence (EL) spectra of CH3NH3PbBr3-based PeLEDs using different amounts of MoO3 
powder in the PEDOT:PSS dispersion for HTLs, where every PeLED shows an EL spectrum identical 
to that of CH3NH3PbBr3 and not SPW-11, indicating that the recombination zone of every PeLED is 
within the CH3NH3PbBr3 emissive layer (see Fig. S4, ESI†). Therefore, the hole carrier injection 
improved by reducing the contact barrier between the HTL and the perovskite emissive layer led to 
enhanced performance of PeLEDs due to the increased recombinations of holes and electrons.  
 
2.4 Conclusion 
In this work, we demonstrated an improved performance of PeLEDs using a solution-processable 
PEDOT:MoO3 composite layer by reducing the energy barrier at the HTL/CH3NH3PbBr3 interface and 
enhancing the crystallinity of CH3NH3PbBr3. PeLEDs with an optimal concentration of MoO3 in the 
PEDOT: MoO3 composite layer presented a maximum luminance of 9200 cd m_2 and maximum LE of 
0.98 cd A_1 (at 3.8 V). The significantly improved efficiency of PeLEDs with an optimum 
PEDOT:MoO3 layer originates from the enhanced recombination of charge carriers by better hole 
injection and the increased crystallinity of the perovskite layer. The introduction of the PEDOT:MoO3 
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layer is an effective and simple route to achieving high-efficiency perovskite optoelectronic devices 
such as LEDs, thin-film transistors, laser devices, and photovoltaic applications. 
 
Figure 2.6. PeLEDs light-emitting characterization with different concentration of PEDOT:MoO3 
composite presented in terms of (a) current density vs. voltage (J-V), (b) luminance vs. voltage (L-V), 
(c) luminance efficiency vs. luminance (LE-L), and external quantum efficiency vs. luminance (EQE-
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Figure 2.7. Normalized EL spectra of polymer LED (emissive layer: SPW-111 (white)) (black) and 
PeLED (emissive layer: CH3NH3PbBr3 (perovskite) (red))  
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Chapter 3. Control of Interface Defects for Efficient and Stable Quasi‐2D 
Perovskite Light‐Emitting Diodes Using Nickel Oxide Hole Injection Layer 
 
3.1 Research back ground 
Metal halide perovskites (MHPs) have emerged as a promising class of materials for optically 
pumped lasers and light-emitting diodes (LEDs) owing to their narrow emission spectrum and wide 
range of color tunability.[1-7] To date, perovskite LEDs (PeLEDs) have recorded an external quantum 
efficiency (EQE) of up to 14.36% for green emissions[6] and 12.7% for near-infrared emissions.[7] 
However, the low exciton binding energy in MHPs is a fundamental limitation that leads to the 
generation of free charges at room temperature. The competition between the trap-mediated non-
radiative recombination and the electron-hole radiative bimolecular recombination causes a low 
photoluminescence quantum yield (PLQY) and a PLQY dependence on the excitation intensity.[8,9] 
Therefore, low trap density in MHPs is required to increase radiative bimolecular recombination rate 
for high PLQY and EQE values of PeLEDs. 
The choice of monovalent organic cation can strongly influence the optical and electrical properties 
of MHPs.[10-14] Many researchers have reported that formamidinium lead halide shows remarkably 
enhanced carrier diffusion length compared with methylammonium lead halide.[10-12] Hanusch et al. 
showed that the carrier lifetime in polycrystalline films of formamidinium lead bromide (FAPbBr3) is 
much longer than that of methylammonium lead bromide (MAPbBr3).[10] Moreover, Zhumekenov et al. 
reported that FAPbBr3 single crystals show superior optical and electrical properties, with a much longer 
carrier diffusion length and a lower dark current, to MAPbBr3,[11] which they attributed to the 
considerably lower trap density of FAPbBr3. Thus, FAPbBr3 is a potential candidate for light-emitting 
material for high-performance PeLEDs.  
In LED applications, the charge balance injected from charge transport layers (CTLs) is crucial for 
maximizing the recombination rate in the emitting layer for high LED performance. Ideal CTLs need 
to meet suitable energy levels for the injection of charges and efficient charge transport by blocking 
opposite charges.[15,16] The bottom CTL also influences the growth of the perovskite crystal and its 
quality of interface,[17-21] which is very important for the performance of PeLEDs. Defects in the 
interface of perovskite form deep-level traps inside the band gap,[20,21] which can be the dominant non-
radiative recombination channel. For the organic hole transport layer (HTL), poly(3,4-
ethylenedioxythiophene):poly-styrene sulfonate (PEDOT:PSS) is commonly used as a HTL. However, 
there is evidence that its acidic and hydroscopic nature severely deteriorates long-term stability.[22-24] 
Moreover, PEDOT:PSS causes the quenching of luminescence at its interface with the perovskite layer, 
which degrades device performance. As an alternative to PEDOT:PSS, such stable inorganic p-type 
materials as copper thiocyanate (CuSCN), vanadium oxide (V2O5), molybdenum oxide (MoO3), and 
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nickel oxide (NiOx) have been introduced as promising HTLs.[25-33] These metal oxides have the 
advantages of good air stability, high transparency, and high carrier mobility. Furthermore, crystalline 
metal oxides can facilitate the growth of highly crystalline perovskite and improve the quality of 
interface between metal oxides and perovskite,[34,35] leading to a reduced path for non-radiative 
recombination.  
In this study, we control the trap density of perovskite through compositional, dimensional, and 
interfacial modulations, which substantially increase bimolecular radiative recombination by 
outcompeting trap-mediated non-radiative recombination. Owing to the low trap density, long-living 
free carriers of formamidinium (FA) based perovskite are allowed to recombine in small radiative 
domains through efficient and fast energy transfer by modulating the dimensionality. Moreover, we 
investigate interfacial defects of perovskite deposited on NiOx and PEDOT:PSS through ambient 
pressure air photoemission spectroscopy (APS), the Kelvin probe (KP), and surface photovoltage (SPV) 
for perovskite films of varying thicknesses. Crystalline NiOx enables the growth of highly crystalline 
perovskite with fewer interface defects, which enhances the optical properties and photostability of 
perovskite as well as the operational stability of PeLEDs. Through effective control over the trap density 
of perovskite, we demonstrate efficient and stable green emissive PeLEDs with a maximum luminance 
of 24,100 cd m−2, maximum current efficiency (CE) of 62.4 cd A−1, and maximum EQE of 14.6%. 
 
3.2 Experimental 
Materials: PEDOT:PSS (AI 4083, Clevios) and nickel acetate tetrahydrate (99.998%, Sigma Aldrich) 
were used without being subjected to any purification. PbBr2 (99.999%, Alfa Aesar), FABr (Dyesol), 
BABr (98%, Tokyo Chemical Industry), and TPBi (99.9%, OSM) were used without further 
purification. 
Device fabrication: A patterned ITO/glass substrate was cleaned using an ultrasonic bath in deionized 
water, acetone, and isopropanol for 10 minutes. PEDOT:PSS dispersion was spin-coated at 5000 rpm 
for 40 s onto the ultraviolet-ozone treated ITO substrate, and was then annealed at 140 °C for 10 min at 
in a nitrogen-filled glove box. To prepare NiOx precursor, nickel acetate tetrahydrate with ethanolamine 
(mole ratio of 1:1) was dissolved in 2-Methoxyethanol string 80 °C for 4 h (1.2M). The precursor was 
spin-coated at 4,000 rpm for 45 s and annealed at 500 °C for one hour in ambient conditions. To prepare 
the precursors, PbBr2, FABr, and BABr at a molar ratio of 1:1:0 (3D), 1:0.50:1 (n = 2), 1:0.67:0.67 (n 
= 3), and 1:0.80:0.40 (n = 5) were dissolved in a dimethylformamide /dimethyl sulfoxide (7:3 v/v) co-
solvent (0.3 M) at 60 °C. The perovskite precursor was first spin-coated onto the substrate at 3000 rpm 
for 80 s on the HTL using a hydrophilic filter (pore size 0.45 μm). After a delay of 30 s, 80 µL of the 
chlorobenzene anti-solvent solution was dropped and spin-cast onto the precursor film in the nitrogen-
filled glove box. TPBi as electron transport layers (60 nm) were deposited using a thermal evaporation 
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system at an evaporation rate of 0.5 Å  s−1. Finally, for electrode formation, LiF (1 nm) and Al (100 nm) 
were successively deposited using a thermal evaporation system at the high vacuum of ~1 x 10-6 torr. 
Device characterization: The J-V-L and device efficiencies of the PeLEDs with encapsulation were 
obtained using a computer-controlled Keithley 2400 Source Meter and a Konica Minolta 
spectroradiometer (CS-2000, Minolta) under ambient conditions. 
Time-resolved and steady-state PL measurements: Time-resolved and steady-state PL spectra were 
measured using a time-correlated single-photon counting (TCSPC) setup (FluoTime 300), described 
elsewhere.[3] The excitation source was a 450-nm continuous wave and pulsed diode laser head (LDH-
D-C-450) coupled with a laser diode driver (PDL 820) with a pulse width of < 70 ps and a repetition 
rate of 196 kHz–40 MHz. The time-resolved PL signal was obtained using a TCSPC module (PicoHarp) 
with a photomultiplier tube (PMA-C 182-N-M). Each exponential decay curve was deconvoluted using 
the associated fitting software (FluoFit) to calculate the time constant associated with each curve.  
SEM measurements: SEM measurements were performed using a Nanonova 230 FEI SEM with an 
accelerating voltage of 10 kV. A 5-nm platinum layer was deposited on each perovskite film to prevent 
any charging effects using a sputter coater (Emitech K575x, Tescan). 
XRD measurements: XRD measurements were performed using a D/MAX2500V/PC (Rigaku, 
Japan) equipped with a Cu K radiation source ( = 1.5405 Å ). The step size was 0.02°, with an 
acquisition time of 60 s deg−1. 
PLQY measurement: The PLQY of the perovskite films were obtained using an integrating sphere 
method. The samples were excited using a 407-nm continuous wave diode laser with a focused beam 
spot of ~0.3 mm2 and an excitation intensity of 48 mW. An Andor iDus DU490A InGaAs detector was 
used to measure emission. The details have been described elsewhere.[1] 
Confocal fluorescence imaging: Confocal PL images of the perovskite films were measured using an 
LSM 780 NLO laser scanning confocal microscope (Carl Zeiss) with a 100x oil immersion objective (a 
Plan-APO, NA = 1.46). The excitation source was a 405-nm diode laser. 
EL microscopy: EL microscopy images of the PeLED samples fabricated with quasi-2D perovskite 
film with n = 3 deposited on NiOx and PEDOT:PSS were obtained using an inverted microscope (IX81, 
Olympus).  
Measurements of APS, KP, and SPV: Measurements of APS, KP, and SPV were made using the KP 
technology APS-04 instrument. For APS measurements, the sample was illuminated with UV light from 
a monochromatic deuterium lamp source (4–7 eV). The raw photoemission data were corrected for 
offset and the cube root was taken, with the HOMO value found from the extrapolated intersection of 
the straight-line fit of the cube root of the photoemission with the baseline.  
KP WF measurements were taken by using a 2-mm gold alloy-coated vibrating tip above the surface of 
the sample, with the resulting contact potential difference between the tip and the sample added to the 
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WF of the gold tip to find the resultant WF of the sample. For SPV measurements, the sample was 
illuminated with a 150-W quartz halogen lamp coupled by fiber optic and focused on the sample. 
3.3 Results and discussion 
To investigate the optical properties and thermal stability of perovskites using FA and 
methylammonium (MA), we obtained FAPbBr3 and MAPbBr3 films with similar morphologies and 
grain sizes using the same fabrication method and condition (Figure 3.1). Despite their similar 
morphologies, the FAPbBr3 and MAPbBr3 films showed significantly different properties. Although 
the reason for the remarkable difference in the properties of perovskites using FA and MA is unclear, 
previous reports have proposed that the outstanding properties of FA-based perovskite can be attributed 
to its low trap density.[10,11] 
 
 Figure 3.1 SEM images of FAPbBr3 and MAPbBr3. SEM images of a) 3D MAPbBr3 and 
b) 3D FAPbBr3. 
FAPbBr3 and MAPbBr3 have similar morphologies and grain sizes obtained through the same 
fabrication method and conditions. The SEM images of FAPbBr3 and MAPbBr3 showed full coverage 
and smooth morphologies without any pinhole.  
 
Time-resolved and steady-state photoluminescence (PL) spectra were measured to investigate the 
optical properties of FAPbBr3 and MAPbBr3 (Figure 3.2 a,b). The PL lifetime of FAPbBr3 was 
significantly greater than that of MAPbBr3, indicating that free carriers in FAPbBr3 were able to survive 
for a long time without being trapped. The long diffusion of the free carriers increased the probability 
of bimolecular recombination to regain their bound forms for radiative decay. Consequently, FAPbBr3 




Figure 3.2. Schematic of device structure, chemical structure, cross-sectional SEM image, XRD, 
absorption and PL. a) Schematic of the structures of PeLED and quasi-2D perovskite (n = 3), and the 
chemical structure of BA. b) Cross-sectional SEM image of the PeLED device. c) Normalized XRD 
patterns, d) absorbance, and e) normalized PL spectra of 3D FAPbBr3 and quasi-2D perovskites with n 




FAPbBr3 exhibited red-shifted band edge absorption and PL emission owing to a smaller band gap 
than MAPbBr3 (Figure 3.3), which can be attributed to a larger lattice constant of FAPbBr3 on account 
of the large size of FA.  
 
Figure 3.3. Absorbance and UPS of MAPbBr3 and FAPbBr3. a) Absorbance and normalized PL spectra 
of MAPbBr3 and FAPbBr3. b) UPS data of MAPbBr3 and FAPbBr3.   
FAPbBr3 showed red-shifted band edge absorption and PL emission owing to a smaller band gap than 
MAPbBr3. To investigate the energy levels of the conduction band and valence band of MAPbBr3 and 
FAPbBr3, we measured absorbance and UPS. We measured the optical band gaps of MAPbBr3 and 
FAPbBr3 at 2.34 and 2.27 eV, respectively, and the valence bands of MAPbBr3 and FAPbBr3 at 5.87 
and 5.82 eV, respectively.  
 
To examine the thermal stability of the perovskite depending on the monovalent organic cation, X-
ray diffraction (XRD) patterns and photographs of perovskite films were observed before and after 
thermal annealing (Figure 3.2 c–e). The decomposition process can be traced through the disappearance 
of the (100) peak in the XRD patterns of perovskites and the change in film color. The (100) peak in 
XRD patterns of MAPbBr3 disappeared, and the MAPbBr3 film turned into a colorless and transparent 
film after annealing at 150 °C for two hours, which indicated that the MAPbBr3 film had completely 
decomposed. By contrast, the FAPbBr3 film exhibited relatively good thermal stability, showing still 
the (100) XRD peak and orange color even after annealing at 175 °C for two hours. However, the 
FAPbBr3 film was completely decomposed after annealing at 200 °C for two hours, showing no (100) 
XRD peak or colorless film. The thermal stability of FAPbBr3 can be attributed to the fact that the FA 





Figure 3.4. Schematic of device structure, chemical structure, cross-sectional SEM image, 
XRD, absorption and PL. a) Schematic of the structures of PeLED and quasi-2D perovskite (n 
= 3), and the chemical structure of BA. b) Cross-sectional SEM image of the PeLED device. 
c) Normalized XRD patterns, d) absorbance, and e) normalized PL spectra of 3D FAPbBr3 and 
quasi-2D perovskites with n = 2, 3, and 5.   
 
A schematic illustration of the device design and quasi-2D perovskite (average n value = 3) along 
with the chemical structure of the benzylammonium (BA) incorporated as a bulky ammonium cation to 
fabricate the quasi-2D perovskite is represented in Figure 3.4 a. The cross-sectional scanning electron 
microscopy (SEM) image of PeLEDs with a multi-layered structure of indium tin oxide 
(ITO)/NiOx/quasi-2D perovskite (n = 3)/ 2,2′,2″-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) 
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(TPBi)/LiF/Al was observed (Figure 3.4 b). The dimensional modulation of quasi-2D perovskites can 
be achieved by adjusting specific stoichiometric quantities of lead bromide (PbBr2), formamidinium 
bromide (FABr), and benzylammonium bromide (BABr). The structural evolution from 3D to quasi-
2D perovskite can be monitored by XRD, and absorption and emission spectra. The XRD patterns of 
3D FAPbBr3 showed a peak at 14.80° corresponding to the (100) plane of the cubic phase, whereas the 
quasi-2D perovskite with n = 2, 3, and 5 showed peaks at small angles (2 < 10°) owing to their 
expanded unit cells (Figure 3.4 c). The absorption spectrum of the 3D FAPbBr3 showed no absorption 
peaks associated with the large band gap of quasi-2D perovskites, whereas the absorption spectrum of 
the quasi-2D perovskites clearly showed absorption peaks at high-energy states of the quasi-2D 
perovskites (Figure 3.4 d). The quasi-2D perovskite with lower average values of n exhibited stronger 
absorption peaks at higher energy states as blue-shifted PL spectra owing to their lower dimensionality 
(Figure 3.4 d,e). We consider the blue shift of PL to be enabled by recombination at higher energy 
states of quasi-2D perovskite with smaller n values. Past studies on quasi-2D perovskites have shown 
that photogenerated excitons are concentrated and confined in the smaller band gap emitters through 
energy transfer, which increases the local charge density and rate of radiative bimolecular 
recombination. To confirm the improvement in the optical properties of the quasi-2D perovskites, time-
resolved and steady-state PL measurements were performed (Figure 3.5).  
 
Figure 3.5. Optical properties of 3D FAPbBr3 and quasi-2D perovskite. a) Steady-state PL spectra of 
3D FAPbBr3 and quasi-2D perovskite with n = 2, n = 3, and n = 5. b) Time-resolved PL spectra of 3D 
FAPbBr3 and quasi-2D perovskite with n = 3. 
 
Dimensional modulation concentrates carriers on a smaller band gap emitter through energy transfer, 
which increases the bimolecular radiative recombination by outcompeting the trap-mediated non-
radiative recombination. The PL intensities of the quasi-2D perovskite are higher than that of 3D 
FAPbBr3, and among th70em, quasi-2D perovskite with n = 3 shows the highest PL intensity through 
efficient and fast energy transfer. Quasi-2D perovskite with n = 3 shows a substantially shorter PL 
53 
 
lifetime (0.14 s) than 3D FAPbBr3 (4.66 s), which indicates that dimensional modulation enables 
long-living free carriers to recombine in small radiative domains by effectively concentrating them in 
small radiative domains.  
 
The steady-state PL spectra showed that the PL intensities of the quasi-2D perovskite were higher 
than those of 3D FAPbBr3. The quasi-2D perovskite with n = 3 showed the highest PL intensity and a 
high PLQY (53.1%) compared with 3D FAPbBr3 (15.1%). It also yielded a substantially shorter PL 
lifetime (0.14 s) than the 3D FAPbBr3 (4.66 s) (Table 3.1), which indicates fast bimolecular 
recombination by effectively focusing energy on radiative domains.  
 
Table S1. Summarized PL lifetimes of perovskite films deposited on NiOx and PEDOT:PSS. 
Film configuration avr [s] 2 
Glass / NiOx / 3D MAPbBr3 0.01 1.2711 
Glass / NiOx / 3D FAPbBr3 4.66 1.2711 
Glass / NiOx / BA2FA2Pb2Br10 (n=3) 0.14 1.2338 
Glass / PEDOT:PSS / BA2FA2Pb2Br10 (n=3) 0.04 1.3697 
 
To investigate defects in the interface of the perovskite deposited on NiOx and PEDOT:PSS, APS, 
KP, and SPV were executed on the perovskite films (at 15 nm, 35 nm, and 120 nm thicknesses) 
deposited on NiOx and PEDOT:PSS. The photoemission spectra of the perovskite films deposited on 
NiOx and PEDOT:PSS at thicknesses of 15 nm and 120 nm are shown in Figure 3.6 a,b. The different 
thicknesses of these films were expected to represent the interface and bulk-like properties. For the 15-
nm thick samples, the extrapolated highest occupied molecular orbital (HOMO) values of the perovskite 
were 5.35 ± 0.05 eV and 5.45 ± 0.05 eV deposited on NiOx and PEDOT:PSS respectively, whereas 
those for the 120-nm thick samples increased to 5.50 ± 0.05 eV and 5.55 ± 0.05 eV, respectively. The 
reduced difference in HOMO values for the 120-nm thick films indicates that while the bulk energy 
levels of the perovskite remained similar, at the HTL/perovskite interface, the perovskite HOMO was 
strongly influenced by the HTL underneath. This is most likely caused by the local electronic densities 
of states of the perovskite altered at/near the HTL. This was further confirmed by the similarities of the 
APS spectra of the 120-nm thick film to those of the 35-nm thick film, which showed the same 
extrapolated HOMO values (5.50 ± 0.05 eV and 5.55 ± 0.05 for NiOx and PEDOT:PSS, respectively) 




Figure 3.6. APS, WF, HOMO, and SPV measurements for quasi-2D perovskite with n = 3 deposited 
on NiOx and PEDOT:PSS. APS spectra for a) 15-nm thick and b) 120-nm thick perovskite films 
deposited on NiOx and PEDOT:PSS. c) WFs and HOMO for pristine NiOx and PEDOT:PSS, as well as 
perovskite films of 15 nm, 35 nm, and 120 nm deposited on NiOx and PEDOT:PSS. d) SPV for 15-nm 
thick (dashed) and 120-nm thick (solid) perovskite films deposited on NiOx and PEDOT:PSS as a 





Figure 3.7. APS and SPV measurements for quasi-2D perovskite (35 nm) with n = 3 deposited on NiOx 
and PEDOT:PSS. a) APS spectra for 35-nm thick perovskite films deposited on NiOx and PEDOT:PSS. 
b) SPV for 35-nm thick perovskite films deposited on NiOx and PEDOT:PSS. 
 
All the extrapolated HOMO energy levels were shown in Figure 3.6 c. From the measured HOMO 
values of the PEDOT:PSS (5.15 eV) and NiOx (5.18 eV), a relatively larger interfacial energetic barrier 
for the hole injection is calculated for PEDOT:PSS/perovskite than NiOx/perovskite samples (0.30 eV 
vs 0.17 eV), implying that NiOx would show better hole injection properties when used in perovskite 
LEDs. 
The threshold of energy for photoemission was below the extrapolated HOMO value, which can be 
attributed to the presence of the sub-band gap trap/defect states within the perovskite.[38,39] Thus, a 
relative comparison of trap states could be made by comparing the integrated area below the 
photoemission threshold (shaded area in Figure 3.6 a,b). We found that 15-nm thick films of perovskite 
deposited on PEDOT:PSS showed a (~1.45 times) larger area occupied by the sub-gap states (inset in 
Figure 3.6 a) than those deposited on NiOx, indicating that the perovskite deposited on NiOx had lower 
trap density than that deposited on PEDOT:PSS. Interestingly, for the 35-nm and 120-nm thick films, 
the extracted sub-gap area of PEDOT:PSS was only ~1.3 and ~1.2 times greater than that of the NiOx 
samples, suggesting that  relatively higher density of the trap states was preferentially formed near the 
interface of PEDOT:PSS and the perovskite. 
The work function (WF) values were also measured for 15-nm, 35-nm, and 120-nm thick perovskite 
films deposited on PEDOT:PSS and NiOx and shown in Figure 3.6 c. We observe that the Fermi levels 
for the 15-, 35- and 120-nm-thick perovskite films deposited on PEDOT:PSS (5.02, 5.05, and 5.15 eV, 
respectively) were strongly influenced by the WF of the PEDOT:PSS (measured at 5.00 eV), i.e., the 
Fermi level of the perovskite was “pulled” toward that of PEDOT:PSS.[40,41] This implies that the 
depletion width of the perovskites on PEDOT:PSS extended through the bulk of the film.[42] On the 
contrary, perovskite films deposited on NiOx were slightly less influenced by the WF of the NiOx film 
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(measured at 4.88 eV). The Fermi levels of the 15-, 35-, and 120-nm-thick perovskite films deposited 
on NiOx were 5.00, 5.07, and 5.21 eV, respectively.  
Trap states located on the surface of the semiconductors or the interface of two semiconductors can 
cause the accumulation of charges, which can develop band bending.[43] Under illumination, surface 
photovoltage can be generated by the movement of an excessive number of photogenerated charge 
carriers to fill in these trap states, screening the internal electric field, and reducing band bending. Thus, 
the magnitude of the SPV can be related to the amount of density of the trap states.[43,44] The SPV values 
as a function of incident light intensity for 15-nm and 120-nm thick perovskite films deposited on NiOx 
and PEDOT:PSS were measured (Figure 3.6 d). Once the light was turned on, the PEDOT:PSS samples 
showed an increase in SPV to ~26 mV and 129 mV from the dark values of the 15 nm and 120 nm 
perovskite films, respectively. The 15 nm and 120 nm perovskite films deposited on NiOx, however, 
showed an increase only to ~20 and 72 mV, respectively. The difference in SPV values between the 
thin and thick films were thus 103 mV for PEDOT:PSS and 52 mV for NiOx samples. A much larger 
change in SPV values for PEDOT:PSS samples might indicate a higher density of trap states present at 
the PEDOT:PSS samples compared with NiOx samples.  
The crystalline NiOx film enables the growth of highly crystalline perovskite and reduces trap states 
at the interface of NiOx and the perovskite layer. The morphologies of the perovskite films deposited 
on NiOx and PEDOT:PSS were observed using SEM (Figure 3.8). The surface of the perovskite film 
deposited on NiOx showed neat morphology without no other shapes of crystallites. In contrast, the 
surface of the perovskite film deposited on PEDOT:PSS was intricately covered with various shapes of 
crystallites, which may be attributed to the acidic characteristics of PEDOT:PSS. The morphologies of 
the perovskite films deposited on PEDOT:PSS with different pH values were compared to investigate 
the effect of their acidity on the growth of perovskite film. To adjust pH values of PEDOT:PSS, acidic 
PEDOT:PSS (AI 4083, Celvios) was titrated with imidazole. The pH values of acidic, neutral, and basic 
PEDOT:PSS were measured to be 1.95, 7.5, and 8.5 using a pH meter. The surface of the perovskite 
films deposited on pH neutral and basic PEDOT:PSS showed clean morphology without no crystallites, 




Figure 3.8. SEM images of perovskite films on NiOx and PEDOT:PSS with different pH values. SEM 
images of quasi-2D perovskite with n = 3 deposited on a) NiOx, b) pH acidic, c) pH neutral, and d) pH 
basic PEDOT:PSS.   
The crystalline surface can assist the perovskite nucleation process during film formation. The 
crystalline NiOx film can enable the growth of highly crystalline perovskite and reduce trap states at the 
interface of the perovskite and HTL. We measured the morphologies of the perovskite films deposited 
on NiOx and PEDOT:PSS. The surface of the perovskite film deposited on NiOx showed neat 
morphology without no other shape of crystallite. In contrast, the surface of the perovskite film 
deposited on PEDOT:PSS was intricately covered with various shapes of crystallites, which may be 
attributed to the acidic characteristics of PEDOT:PSS. The morphologies of the perovskite films 
deposited on PEDOT:PSS with different pH values were compared to investigate the effect of its acidity 
on the growth of perovskite film. PEDOT:PSS (AI 4083, Clevios) was titrated with imidazole to adjust 
pH values of PEDOT:PSS. The pH values of acidic, neutral and basic PEDOT:PSS were measured to 
be 1.95, 7.5 and 8.5 using pH meter. The surface of the perovskite films deposited on pH neutral and 
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basic PEDOT:PSS showed clean morphology without no crystallite, which indicates that the acidic 
characteristics of PEDOT:PSS have a negative effect on crystal growth. 
 
 Moreover, steady-state PL spectra and photographs showing PL emission of perovskite films 
deposited on NiOx and PEDOT:PSS with different pH values were observed to investigate the effect of 
their acidity on optical properties of perovskite (Figure 3.9). Perovskite films deposited on pH neutral 
and basic PEDOT:PSS showed higher PL intensity than that deposited on acidic PEDOT:PSS, but they 
showed inferior PL intensities to perovskite film deposited on NiOx. The acidity of PEDOT:PSS have 
a negative effect on optical properties of the perovskite, and other factors such as hygroscopic and 
amorphous characteristics may lead to poor interface quality of the perovskite compared with NiOx. 
 To further investigate the optical properties of the perovskite films deposited on NiOx and acidic 
PEDOT:PSS, their PL lifetimes, PL intensities, and PLQYs were measured (Figure 3.10 a–c). The 
perovskite deposited on NiOx showed a longer PL lifetime, and higher values PLQY compared with the 
perovskite deposited on PEDOT:PSS. This can be attributed to the fewer trap/defect states. Moreover, 
the stability of the perovskite deposited on NiOx and PEDOT:PSS in terms of PL was measured at 
constant laser excitation using confocal microscopy (Figures 3.10 and 3.11). The confocal PL images 
of the perovskite deposited on NiOx exhibited bright and full coverage emission, whereas images of the 
perovskite deposited on PEDOT:PSS showed dark regions dominated by non-radiative recombination. 
Moreover, highly crystalline perovskite with fewer defects deposited on NiOx showed better 




Figure 3.9. Optical properties of perovskite films deposited on NiOx and PEDOT:PSS with different 
pH values. a) Steady-state PL spectra and b) photographs showing the green PL emission of perovskite 





Figure 3.10. Optical properties and stability of perovskite films deposited on NiOx and PEDOT:PSS. 
a) Time-resolved PL spectra, and b) steady-state PL spectra of quasi-2D perovskite with n = 3 deposited 
on NiOx and PEDOT:PSS. c) PLQYs of quasi-2D perovskite with n = 3 deposited on glass, NiOx, and 
PEDOT:PSS. d) Normalized PL intensity of quasi-2D perovskite with n = 3 deposited on NiOx and 





Figure 3.11. Optical Stability of perovskite films on NiOx and PEDOT:PSS (confocal microscopy). 
Confocal PL images of quasi-2D perovskite with n = 3 deposited on NiOx with excitation by a 405-nm 
laser after a) 0 min, and b) 32 min. Confocal PL images of quasi-2D perovskite with n = 3 deposited on 
PEDOT:PSS with excitation by a 405-nm laser excitation after c) 0 min, and d) 32 min.   
 
The NiOx films were optimized by testing different concentrations of precursor NiOx solutions to 
balance the charge carriers through efficient hole transport and electron blocking (Figure 3.12 and 
Table 3.2). To investigate improved hole injection properties of NiOx, We fabricated hole-only devices 
(ITO/NiOx or PEDOT:PSS/BA2FA2Pb3Br10/TFB/MoO3/Au) and electron-only device 
(ITO/ZnO/BA2FA2Pb3Br10/TPBi (60 nm)/LiF/Al) (Figure 3.13). The hole current density of hole-only 
device fabricated with NiOx was higher than that with PEDOT:PSS, showing better hole injection 
properties when NiOx is used as HTL in perovskite LEDs. Moreover, hole current density of hole-only 
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device fabricated with NiOx was well matched with electron current density of electron-only device at 
the condition of 60 nm TPBi thickness.  
 
Figure 3.12. Device performance of PeLEDs fabricated with quasi-2D perovskite with n = 3 and 
different concentrations of NiOx precursor. a) Current density versus voltage, b) luminance versus 
voltage, c) CE versus current density, and d) EQE versus current density of the PeLEDs fabricated with 
quasi-2D perovskite with n = 3 and different concentrations of NiOx precursor.  
The NiOx films were optimized by testing different concentrations of the precursor NiOx solution to 
balance the charge carriers through efficient hole transport and electron blocking. The performance of 
the device changed with the thickness of NiOx. PeLEDs with an optimal concentration of the NiOx 
precursor (1.25 M) exhibited the maximum luminance and efficiency, with balanced charge carriers in 
the perovskite layer.  
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Table 3.2. Summary of device performance of PeLEDs fabricated with quasi-2D perovskite with n = 3 
and different concentrations of the NiOx precursor. 
Device configuration (PeLEDs) 
L max [cd/m2] 
@ bias 
CE max [cd/A] 
@ bias 




@ 0.1 cd/m2 
ITO / NiO
x








/ TPBi / LiF 
/ Al 
16,900 @ 6.4 
V 
44.1 @ 5.0 V 10.4 @ 5.0 V 3.2  
ITO / NiO
x








/ TPBi / LiF 
/ Al 
19,600 @ 6.2 
V 
47.3 @ 5.0 V 11.1 @ 5.0 V 3.2  
ITO / NiO
x








/ TPBi / LiF 
/ Al 
24,100 @ 5.8 
V 
62.4 @ 4.6 V 14.6 @ 4.6 V 3.2  
ITO / NiO
x








/ TPBi / LiF 
/ Al 
14,700 @ 6.2 
V 
50.2 @ 5.0 V 11.8 @ 5.0 V 3.2  
 
 
Figure 3.13. J-V characteristics of hole-only devices (ITO/NiOx or 
PEDOT:PSS/BA2FA2Pb3Br10/TFB/MoO3/Au) and electron-only device (ITO/ZnO/ 




With the optimized precursor NiOx solution (1.25 M), the current density, luminance, and device 
efficiency characteristics were measured for PeLEDs fabricated with different dimensionalities of 
perovskite (3D, n = 2, n = 3, and n = 5) deposited on NiOx and the optimized dimensionality (n = 3) of 
the perovskite deposited on PEDOT:PSS (Figure 3.14 and Table 3.3). As the dimensionality of the 
perovskites decreased, the current densities of the devices gradually decreased because high fraction of 
2D to 3D perovskite interrupted charge transport. The optimized dimensionality (n = 3) of the perovskite 
enabled efficient and fast energy transfer in the radiative domains by outpacing trapping and the 
subsequent non-radiative recombination, leading to improved luminance and device efficiency. Using 
the dimensionality (n = 3) of the perovskite, the device characteristics of PeLEDs fabricated with NiOx 
and PEDOT:PSS were compared. At low voltage, the PeLED fabricated with NiOx recorded lower 
leakage of current density than that with PEDOT:PSS (Figure 3.14 a). Moreover, the PeLED fabricated 
with NiOx showed remarkably improved luminance (from 10,600 to 24,100 cd m−2), CE (from 17.4 to 
62.4 cd A−1), and EQE (from 4.2 to 14.6%) compared with the PeLED fabricated with PEDOT:PSS. 
The obtained EQE of our green emissive device is 14.6%, which is comparable to the results reported 
so far (Table 3.4). Such significantly improved device performance is attributed to the better interface 
formed at NiOx/perovskite layers with lower density of traps/defects, as well as more balanced charge 





Figure 3.14. Device performance of PeLEDs fabricated with 3D FAPbBr3 and quasi-2D perovskites 
with n = 2, 3, and 5 deposited on NiOx and quasi-2D perovskite with n = 3 deposited on PEDOT:PSS. 
a) Current density versus voltage, b) luminance versus voltage, c) CE versus current density, d) EQE 
versus current density characteristics, e) normalized EL spectra, and f) EQE mean and deviation from 
each of 15 devices with 3D FAPbBr3 and quasi-2D perovskites, with n = 2, 3, and 5 deposited on NiOx 
and quasi-2D perovskite with n = 3 deposited on PEDOT:PSS.  
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Table 3.3. Summary of device performance of PeLEDs fabricated with 3D FAPbBr3 and quasi-2D 
perovskites with n = 2, 3, and 5 deposited on NiOx and quasi-2D perovskite with n = 3 deposited on 
PEDOT:PSS 



























 (n=3) / TPBi / 
LiF /Al 
10,600 @ 6.0 
V 





 / TPBi / LiF /Al 
13,700 @ 5.6 
V 




















 (n=3) / TPBi / LiF /Al 
24,100 @ 5.8 
V 
62.4 @ 4.6 V 
14.64 @ 4.6 
V 











 (n=5) / TPBi / LiF /Al 
30,600 @ 6.0 
V 
35.1 @ 5.2 V 7.84 @ 5.2 V 6.50 3.2 
 
The low interaction energy of perovskite allows many defects to easily form, leading to ion migration. 
The operational instability of PeLEDs may be due to the decomposition and interaction of perovskite 
with adjacent layers caused by ion migration. Defect-less perovskite and adjacent layers can 
substantially improve operational stability. The operational stability of PeLEDs fabricated with quasi-
2D perovskite with n=3 deposited on NiOx and PEDOT:PSS with encapsulation was measured at a 
luminance of 100 cd m−2 under ambient conditions as a function of operation time (Figure 3.15 a). The 
PeLED fabricated with NiOx exhibited remarkably improved operational stability compared with the 
PeLED fabricated with PEDOT:PSS. The PeLEDs fabricated with NiOx retained up to 90% and 50% 
of its initial luminance until 95 and 102 minutes, whereas the PeLED fabricated with PEDOT:PSS 
exhibited a sharp drop to less than 10% of the initial luminance within 8 minutes. Moreover, the EL 
spectra and CIE coordinates of PeLEDs fabricated with PEDOT:PSS and NiOx were measured to 
investigate the phase stability of quasi-2D perovskite (Figure 3.16). The EL spectra and CIE 
coordinates of both devices do not change over operating time, indicating the phase stability of FA-
based quasi-2D perovskite. The instability of the PeLED fabricated with PEDOT:PSS may have been 
due to the acidic and hydroscopic nature of PEDOT:PSS as well as many interface defects between the 
perovskite and PEDOT:PSS. To investigate the effect of the defects in perovskite on device stability, 
EL microscope images of PeLEDs fabricated with NiOx and PEDOT:PSS were recorded over time 
(Figure 3.15 b). The EL images of PeLED fabricated with NiOx showed bright emissions in all regions, 
where the brightness decreased over time. By contrast, the electroluminescence (EL) images of PeLED 
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fabricated with PEDOT:PSS revealed large dark regions regarded as defects, and particularly brighter 
emissions near the dark regions. Brightness in boundaries of the dark regions slowly decreased 
compared with other regions over time. Regions of brightest near the defects showed a drastic reduction, 
forming the darkest regions. Although the exact mechanism of the phenomenon is challenging to probe 
and still under investigation, defects in the perovskite obviously impinge on the operational stability of 
PeLEDs.  
3.4 Conclusion 
In summary, we tested a high-quality perovskite emitter with enhanced optical properties and thermal 
stability through compositional and dimensional modulations. FAPbBr3 showed a longer PL lifetime 
and higher PL intensity compared to MAPbBr3, owing to its low trap density. The dimensional 
modulation of FA-based perovskite enabled long-living free carriers to recombine in small radiative 
domains through efficient and fast energy transfer, which substantially improved the PL intensity with 
improvement of PLQY to 53.1%. Moreover, we investigated the energetics and trap density of states at 
the interface between the perovskite and HTL (NiOx and PEDOT:PSS). The NiOx film allowed the 
growth of highly crystalline perovskite with reduced trap density of states compared with PEDOT:PSS, 
which led to enhanced optical properties, the photostability of perovskite, and the operational stability 
of the PeLEDs. With effective control over the trap density of perovskite, efficient and stable green 
emissive PeLEDs with a maximum luminance of 24,100 cd m−2, a maximum CE of 62.4 cd A−1, and a 





Figure 3.15. Operational stability and EL microscopic images of PeLEDs fabricated with quasi-2D 
perovskite with n = 3 deposited on NiOx and PEDOT:PSS. a) Normalized luminance and b) EL 
microscope images of encapsulated PeLEDs fabricated with quasi-2D perovskite with n = 3 deposited 





Figure 3.16. EL spectral stability of PeLEDs fabricated with NiOx as a function of operating time under 
ambient conditions. a) Normalized EL spectra and b) CIE coordinates of PeLEDs fabricated with NiOx 
as over operating time. c) Normalized EL spectra and d) CIE coordinates of PeLEDs fabricated with 
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Chapter 4. Efficient Large-Area Cesium-Based Quasi-2D Perovskite Light-
Emitting Diodes Using Hot-Casting Mthods. 
4.1 Research back ground 
Metal halide perovskite have been actively studied for next generation light-emitting diodes (LEDs) 
and lasing source due to their high color purity, color tunability, low trap density, easy process and high 
photoluminescence quantum yield (PLQY)[1-7]. Based on these properties, the perovskite LEDs 
(PeLEDs) has continued to efficiency develop and recently reported an external quantum efficiency 
(EQE) over 20%[8-11]. The perovskite materials have attracted attention as a next generation display 
material. However, the low exciton binding energy (<50meV)[12, 13] of perovskite cause defect-induced 
nonradiative recombination in the trap site during device operation, which has resulted in decreased an 
EQE of the PeLEDs. Low dimensional quasi-2D perovskite with the multi quantum well using inserting 
bulky ammonium halide cation can effectively concentrate charge into the smaller band gap through 
the charge cascade[14-16]. This concentrated charge has been reported to increases the charge 
recombination probability, allowing a high PLQY which is not dependent on excitation intensity and 
high efficiency of the PeLEDs.  
However, since the perovskites usually have relatively deep valance band maximums (VBMs) (e.g., 
CsPbBr3: 5.8-6.3 eV)[17-20] compared to ITO anode (~4.7 eV), PeLEDs design for efficient charge 
balance injection is needed. The charge injection barrier between the charge injection layer and the 
perovskite film degrades the efficiency of device. Poly(3,4-ethylenedioxythiophene) polystyrene 
sulfonate (PEDOT:PSS), which is commonly used as a hole injection layer (HIL) in 
HIL/perovskite/electron injection layer (EIL) device structure, has a limitation of inefficient hole 
injection into VBMs of perovskite because work function of PEDOT:PSS shows relatively shallow 
value (5.0-5.2 eV). In this way, various interlayers with high highest occupied molecular orbital 
(HOMO) level such as Poly(9-vinylcarbazole) (PVK, HOMO: 5.8 eV)[21, 22], Poly(bis-4-butylphenyl-
N,N-bisphenyl)benzidine (Poly TPD, HOMO: 5.2 eV)[22, 23], Poly(9,9-di-n-octylfluorenyl-2,7-diyl) (F8, 
HOMO: 5.8eV)[24], and Poly(9,9-dioctylfluorene-alt-N-(4-sec-butylphenyl)-diphenylamine) (TFB, 
HOMO: 5.3eV)[25, 26] have been studied. Nevertheless, the perovskites grown on these conjugated HIL 
with hydrophobic-branched alky group show not uniform with a lot of pinholes because the perovskite 
precursor solution has hydrophilic nature. The non-continuous perovskite films with pinholes lead to 
leakage current, therefore, it is necessary to make a dense and uniform morphology, regardless of the 
surface energy of the bottom layer.  
Hot-casting method forming the perovskite film by applying the heat to the bottom substrate and 
precursor solution during spin casting. This method is advantageous in that it can form the uniform 
morphology without being affected by surface energy of bottom layer and the grown perovskite film 
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shows high crystallinity. This is because thermal energy of substrate reduced the surface tension 
between perovskite precursor solution and bottom layer and increase the diffusion of the precursors. In 
conclusion, the hot-casting method enables faster perovskite crystal growth. The hot-casting method 
has succeeded in realizing a high efficiency solar cell by increasing the grain size of perovskite and 
improving the perovskite crystallinity.[27, 28] Cheng Bi et al. reported that a continuous pinhole-free 
perovskite film was fabricated on a hydrophobic polymer bottom layer using a pre-heated hot perovskite 
precursor solution.[29]  
This hot-casting method is also applied to fabricate large-area devices because it does not require 
solvent washing process and can make perovskite films with good morphology and high crystallinity 
using spin-coating[30], slot-die coating[31], blade-coating[32-34], spray coating[35-37] and dipping coating[30]. 
Recently, in the case of low dimensional perovskite system (2D and quasi-2d), the pre-heated substrate 
not only affects morphology and crystallinity, but also helps the orientation of perovskite crystal grow 
in preferred direction. The preferred aligned perovskite crystals in the vertical direction facilitate charge 
transport and contribute to radiative recombination enhancement.[38-40]  
Here, we introduce the Poly(9-vinylcarbazole) (PVK) interlayer between nickel oxide (NiOx) layer 
and perovskite film for increasing the hole injection and recombination of charge carrier in PeLEDs. 
However, due to the hydrophobic nature of the introduced PVK interlayer, it is difficult to fabricate 
uniform and pinhole-free perovskite morphology. One of the methods of making perovskite films, a 
hot-casting method using preheating substrate was used to produce uniform and full coverage of 
perovskite film morphology on the PVK interlayer. The hot-casting method improved the morphology 
of the perovskite film and increased the crystallinity and the preferred orientation of perovskite crystals 
in vertical direction. As a result, the PeLEDs of the optimal preheating substrate temperature shows a 
considerable enhanced device performance in the maximum EQE value from 3.08 % (at 4.2V) to 8.44 % 
(at 3.6V) compared to control PeLEDs using unheated substrate. Unlike the conventional anti-solvent 
dropping method, hot-casting method does not need a solvent washing process. The PeLEDs 
manufactured by the hot-casting method is advantageous in that the light-emitting surface is uniform 
and unspotted. We demonstrated the PeLEDs with a clean emitting active area of 12.8 cm2 using the 





The methyl ammonium bromide (MABr) was synthesized as described by previous reported. The SPW-
111 polymer (white copolymer) was purchased from Merck Co. All reagent were used as purchased 
without further purification 
 
PEDOT:MoO3 composite solution 
PEDOT:MoO3 composite solution was realized by following process. A water dispersion PEDOT:PSS 
(AI 4083, Celvios) was filtered by 0.45 μm hydrophilic filter (PVDF filter), and then ammonium 
molybdate (NH4)2MoO4 (Sigma Aldrich) powder was added into PEDOT:PSS dispersion varying 
weight percent ratio from 0.001 wt.% to 0.007 wt.% under stirring. 
 
Device fabrication 
ITO/glass substrates were cleaned in sonication bath of distilled water, acetone, isopropyl alcohol, 
respectively for 10 min. And then treated UV-ozone for 10 min. PEDOT:PSS and PEDOT:MoO3 
composite solution were spin-coated onto ITO/glass substrates as HTL and subsequently annealed at 
145 oC for 10 min. The perovskite precursor (37.8 wt.%) with an aqueous HBr (48 wt.%) solution were 
spin-coated onto the PEDOT:PSS, PEDOT:MoO3-coated ITO/glass substrates at 3,000 rpm for 60 s 
and subsequently annealed at 60 oC for 2 hr under nitrogen (N2) atmosphere. The electron transport 
layer was spin-coated from SPW-111 dissolved in chlorobenzene. Finally, LiF (1 nm) and silver (80 
nm) were deposited by the vacuum thermal evaporation method using a 5-pixel mask. The devices were 
encapsulated and legged before testing. 
 
Characterisation of PEDOT:MoO3 composite film and PeLEDs 
The PeLEDs tested using a keithely 2400 source measurement unit and a Konica Minolta 
spectroradiometer (CS-2000, Minolta Co.) under ambient air conditions. To observe morphology of 
MAPbBr3 films on the PEDOT:PSS and PEDOT:MoO3 composite layer were measured via scanning 
electron microscopy. The surface morphology of PEDOT:PSS and PEDOT:MoO3 composite layers 
was measured using atomic force microscopy (DI-3100, Veeco Co.). XPS and UPS spectra of 
PEDOT:MoO3 composite layer were conducted using ESCALAB 250XI (Thermo Fisher Scientific Co  
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4.4 Results and discousions 
We fabricated cesium based quasi-2D PeLEDs with a configuration of indium tin oxide (ITO) 
/NiOx/PVK/quasi-2d perovskite/2,2′,2"-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole  
(TPBi)/LiF/Al. Figure 4.1 shows the cross-section image of PeLEDs. NiOx (~50nm) was used as HIL, 
TPBi (~55nm) was used as EIL. ITO and LiF (1nm) / Al (~100nm) were chosen as the anode and 
cathode, respectively. Quasi-2d perovskite films (~70nm) as emissive layer was prepared by controlling 
stoichiometric quantity amounts of cesium bromide (CsBr), lead bromide (PbBr2) and benzyl 
ammonium bromide (BABr). The optimized quasi-2d perovskite precursor molar ratio is used CsBr : 
PbBr2 : BABr of 1 : 1.25 : 0.6. For enhanced hole injection, PVK interlayer was introduced between 
NiOx films and quasi-2D perovskite.  
 
 
Figure 4.1. Cross section SEM images of Cs based quasi-2D PeLEDs 
 
The ultraviolet photoemission spectroscopy (UPS) spectra of the NiOx films and PVK layer coated 
NiOx films show that HOMO level of PVK layer coated NiOx films (5.75 eV) was deeper than that 
VBM of pristine NiOx films (5.30eV). The measured VBMs value of quasi-2d perovskite film is 5.92 
eV (Figure 4.2). This value is good agreement with the findings of previous reports. The 0.35 eV 
downward shifts of HOMO level of PVK layer coated NiOx films indicate hole injection barrier at 
interface between HIL and quasi-2D perovskite was reduced. To confirm the enhancement of hole 
injection at the interface after introducing the PVK layer on NiOx, the J-V characteristic of hole-only 
devices using different HIL layer were compared, as shown in Figure 4.3. The hole-only device with 
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PVK interlayer shows higher current density than the device without PVK interlayer. The energy level 
alignment of the PeLEDs is depicted in Figure 4.4.  
  
Figure 4.2. UPS spectras of NiOx film and NiOx/PVK film 
 
Figure 4.3 J-V characteristic of hole-only devices using different HIL layer 
 
The similar absorption spectra of the PVK coated NiOx films and NiOx films was observed, as shown 
in Figure 4.5, which indicate that PVK coated NiOx films has only a difference in VBMs compared to 
NiOx films. However, the PVK layer has typically hydrophobic nature, which reduces the surface 
wettability between hydrophilic perovskite solution and PVK layer. Figure 4.6 show the solvent contact 
angle on each bottom layer. The contact angle was measured on UV ozone treated NiOx layer and PVK 
coated NiOx layer for DMSO solvent. The contact angle of 10.2° on UV ozone treated NiOx represents 
hydrophilic nature. In contrast to, the PVK coated NiOx layer shows a relatively high contact angle of 
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84.7° and hydrophobic nature. The compatibility between bottom layer and perovskite solution affects 
the formation of perovskite film. The illustration of how the perovskite solution is coated on wetting 
NiOx layer (Fig. 1e) and non-wetting PVK coated NiOx (Figure 4.6) is shown.  
 
Figure 4.4 Energy level alingment of PeLEDs 
 





Figure 4.6 Contact angles of water droplet on UV ozone treated NiOx layer and PVK coated NiOx 
layer 
 
To confirm the morphology of the quasi-2D perovskite film., quasi-2D perovskite film fabricated on 
PVK coated NiOx layer was observed via a scanning electron microscope (SEM), as shown in Figure 
4.7. The quasi-2D film grown on the PVK coated NiOx layer exhibited rough morphology with large 
pinhole due to the non-wetting nature between the perovskite solution and the bottom PVK coated NiOx 
layer. Whereas the quasi-2D perovskite film grown on the UVO treated NiOx layer exhibited uniform 
and smooth morphology as shown Figure 4.7. To improve the poor morphology caused by the non-
wetting nature on the hydrophobic PVK coated NiOx layer, we introduced a hot casting method using 
preheated substrate. In the “hot casting” process, perovskite precursor solution with DMSO as a solvent 
is coated on a preheated substrate to crystalize rapidly. For the detailed hot casting method, see the 
experiment section. The temperature of the substrate was changed from room temperature (RT) to 
120℃. As the temperature is increased on the substrate, the perovskite morphology shows less pinholes 
and a smoother uniform (Figure 4.7). The thermal energy of preheated substrate can accelerate the 
crystal growth rate and increases the diffusion length of precursor particle to enable uniform film 
formation. The perovskite films on a substrate with 120℃ or more begins to regenerate the pinhole, 
which is considered to be due to the thermal instability of the BA molecule and too fast solvent 




Figure 4.7 Surface morpholgy of quasi-2D perovskite film on the diffirent hot-casting temperautre 
To confirm the crystal orientation in quasi-2D perovskite for different hot casting temperatures, we 
conducted grazing-incidence wide-angle X-ray scattering measurement (GIWAXS). The scattering 
patterns of different substrate preheating temperature are shown in figure 4.8. The RT cast films show 
ring-like Debye Scherer pattern, which is an indication of a randomly oriented crystal. In contrast, the 
hot-cast films display clearly the discrete Bragg spots. This indicates that inorganic PbX6 sheets are 
highly perpendicular aligned with their increased (100) crystal plane peak in the Z-direction on the 
preheated substrate. The vertically grown perovskite crystal on the substrate can acts as efficient carrier 
transport pathway without interruption by insulting bulky organic cation. 
 
 
Figure 4.8 GIWAXS pattern images of quasi-2D perovskite film on the diffirent hot-casting 
temperautre 
The X-ray diffraction (XRD) also supported perovskite crystallinity variation on the different 
preheating temperature of substrate. The diffraction peak at 5.2° and 10.5° are corresponding to (002) 
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and (004) plane of quai-2D cesium based crystal. The diffraction peaks of 3D CsPbBr3 are observed at 
15.1° and 30.2° corresponding to (100) and (200) plane. diffraction peak at 15.1° and 30.2°. As the 
substrate temperature increases, the intensity of the diffraction peaks also increases. The improved peak 
intensity of perovskite on preheated substrate means that the thermal energy of substrate during spin 
casting helps improve the crystallinity (Figure 4.9). 
 
Figure 4.9 XRD intensity of quasi-2D perovskie film on the diffirent hot-casting temperautre 
Improved morphology, crystal crystallinity and preferred orientation enhancement also affected 
optical property of perovskite films. The photoluminescence (PL) of perovskite films of different 
preheating temperature was measured under ultraviolet lamp excitation at 350nm. The photographs 
exhibit that the PL of perovskite films grown on a 100℃ substrate is shown to be brighter than PL of 
perovskite film grown on the other substrate temperature. However, the perovskite films grown on the 
substrate with 120℃ shows a relatively low PL intensity due to worse morphology (figure 4.10). Time-
resolved photoluminescence (TRPL) of perovskite film on different substrate temperature was 
measured for investigation of the excited carriers lifetime. The emission of perovskite film on 100℃ 
substrates decayed with 5.09 ns, which is approximately 2 times as that of perovskite film on RT 
substrate. The prolongation of the lifetime in the perovskite on preheated substrate is due to formation 
of perovskite crystals with low defect density (Figure 4.11). The absorption spectra are that of typical 
a quasi-2D perovskite with low-dimensional multi-quantum well structure. The absorption spectra show 
that there is no significant difference depending on the temperature variation of the substrate. The 
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intensity of the exciton peak increases with the improvement of the perovskite crystallinity, but the 
position of the exciton peak does not change, indicating that the band gap is not affected by substrate 
temperature. (Figure 4.12) 
 
Figure 4.10 (a) Photographs of quasi-2D perovskite film on diffrent hot-casitng temperautre uder 
ultraviolet lamp excition at 350nm. (b) relativelty PL inteinsity of quasi-2D perovskite films 
 
Figure 4.11 TRPL of perovskite film on different hot-casting temperature 
  




Figure 4.13 Device performance of PeLEDs fabricated don the different hot-casting temperature. a) 
Current density versus voltage, b) luminance versus voltage, c) normalized EL spectra, d) CE versus 
current density, e) EQE versus current density characteristics, e) normalized EL spectra. 
The PeLEDs performances for the perovskite films on the different preheating temperature substrate 
were characterized. The PeLEDs characteristics are summarized in table 4.1. The J-V curves show that 
the perovskite film fabricated with RT substrate has a relatively high leakage current due to the not 
uniform and rough surface. The thermal energy of the substrate contributes to the improvement of the 
perovskite film morphology, which reduce the leakage current of devices. In the case of the temperature 
of substrate over 120℃, the pinholes are regenerated in the film, thereby producing a leakage current. 
Interestingly, the PeLEDs for the perovskite film grown on the preheating substrate show improved 
current injection than the PeLEDs for RT, which is considered to be caused by the better vertical 
orientation of PbX6 sheet mentioned in GIWAXS section. The efficient charge injection has been 
reported to facilitate radiative recombination in the vertically oriented quasi 2d perovskite film. The 
maximum luminance increased from 1756 cdm-2 to 3607 cdm-2 and turn on voltage (VT) decreases from 
3.2 V to 2.8 V for the perovskite film on the 100℃-preheating temperature. Likewise, the measured 
luminance current efficiency and EQE value of the PeLEDs fabricated on the preheating substrates were 
23.80 cd/A and 8.44 %, respectively, which increased to almost 300% compared to 8.52 cd/A and 3.03% 
for the control PeLEDs. We investigated by cross section SEM image whether the preheating substrate 
increased the thickness of the perovskite films and caused the performance improvement. Figure S8 
shows the perovskite thickness according to the preheating temperature of the substrate. The 
approximate thickness is 70~80nm and there is no difference between the perovskite thickness grown 
on the preheating substrate and the perovskite thickness grown on the substrate of RT. The enhanced 
PeLEDs performance is independent of perovskite film thickness, and is related to better morphology 
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of perovskite film, high crystallinity and vertically aligned perovskite crystal. Moreover, the PVK layer 
coated between NiOx and perovskite film influences PeLEDs performance improvement due to a better 
hole injection (Figure 4.14). 
 
Figure 4.14 Thickness of quasi-2D perovskite film on the differnt hot-casting temperature. 
The anti-solvent dropping method is conventional method for the deposition of perovskite film in 
small laboratory scale. However, this method is not suitable for deposition of perovskite film in large 
area scale because it its very sensitive to many technical conditions such as amount of anti-solvent, time 
to drop anti-solvent and even depending on the person handling it. We fabricated large area PeLEDs 
using the conventional anti-solvent dropping method and hot-casting method. The anti-solvent dropping 
method perovskite film was fabricated by spin casting the perovskite precursor film for 30 seconds and 
pouring 300 ul of chlorobenzene as anti-solvent. Figure 4.15 a,b exhibit the photograph of light 
emission area of PeLEDs for different fabrication method. The active area of PeLEDs is 0.8cm2. The 
emission surface of PeLEDs fabricated with anti-solvent dropping method shows partial EL intensity 
fluctuation. The central part where the anti-solvent directly is dropped is bright, while the edge area is 
relatively dark, showing the traces of dropping of anti-solvent. We selected the 4-measurement positions 
(2-measurement positions in the middle area and 2-measuremnet positions in outer area applying 
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constant voltage. The PeLEDs of the anti-solvent method show the higher EL intensity of the b, c 
positions in the middle area than the EL intensity of the a, d positions in the outer area, while the PeLEDs 
of hot-casting method show similar EL intensity in a,b,c and d position. The corresponding normalized 
EL spectra are shown in Figure 4.16. The PeLEDs of the anti-solvent method has a peak shift of about 
1nm depending on the position, but the PeLEDs of the hot-casting method show a peak shift of less 
than 0.5nm. We demonstrated a large-area PeLEDs using hot-casting method with a 5cm x 4cm 
substrate (active layer = 12.8cm2) that is considered the largest size that we could handle by spin casting. 
(Figure 4.15 c) The emission surface shows no trace and very clear luminescence. The operational 
stability of PeLEDs according to the different perovskite films fabricating methods is compared in 
figure 4.15 d. The operating stability of PeLEDs were evaluated under a constant current of 0.5 mA/cm2 
(100 cd m-2) with encapsulation in an air atmosphere. The PeLEDs fabricated by hot casting method has 
20 minutes to retain 50% of its initial luminescence (T50). On the other hand, PeLEDs fabricated by 
anti-solvent method shows relatively low operational stability (T50 = 7min.). The operational time-
dependent EL spectra show that there is no peak shift regardless of the perovskite film formation method. 
(Figure 4.17)   
 
Figure 4.15 a) photograph of light emission area of PeLEDs for different fabrication method. b) 
partial EL intensity of 4-measurement point. c) Photograph of large-area PeLEDs applying 5V d) 




Figure 4.16 Normalized EL intensity of PeLEDs in a,b,c and d measurment points for differient 
fabriaciton methode. 
 
Figure 4.15 The operational time-dependent EL spectra of PeLEDs for different fabricating method  
4.4 Conclusion 
In summary, high efficiency Cs based quasi-2D PeLEDs have been demonstrated using hot-casting 
method with PVK interlayer. The introduction of PVK interlayer can reduce the hole injection barrier 
at the NiOx/perovskite interface. The hot-casting method to fabricate perovskite film allows uniform 
and pinhole-free morphology regardless of substrate surface energy. The thermal energy of the 
preheating substrate also contributes to the formation of highly crystalline and vertically oriented 
perovskite crystals. PeLEDs with an optimal substrate temperature were achieved with a maximum 
luminance of 3607 cdm-2 and maximum LE of 23.08 cdA-1 and maximum EQE of 8.44%. The hot-
casting method not only affects the enhanced performance of PeLEDs, but also is useful for making 





Table 4.1. Summary of device performance of PeLEDs fabricated with Cs based quasi-2D perovskites 
on the differnt substrate preheating temperature 
Hot casting 
temperature 
Luminance max cd/m2  
@ bias 
CE max cd/A 
@ bias 




@ 0.1 cd/m2 
RT 1756 @ 6.4 8.52 @ 4.2 3.03 @ 4.2 3.2 
80℃ 2813 @ 6.0 11.72 @ 4.2 4.05 @ 4.2 2.8 
100℃ 3607 @ 6.0 23.80 @ 3.6 8.44 @ 3.6 2.8 
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